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Dear Ladies and Gentlemen, respectable Colleagues and Friends of KOD, 
 
 
 
It is a real pleasure and great honor for me to greet You on behalf of the Organizing 
Committee of the Seventh International Symposium about machine and industrial 
design in mechanical engineering – KOD 2012. This year, symposium KOD takes 
place in Hotel Marina in Balatonfüred, Hungary on 24th and 26th May 2012, and I 
would like to thank You for participating in it. 
 
As we all know, the basic goal of this event is to assemble experienced researchers 
and practitioners from universities, scientific institutes and different enterprises and 
organizations from this region. Also, it should initiate more intensive cooperation 
and exchanging of practical professional experiences in the field of shaping, 
forming and design in mechanical and graphical engineering, industrial design and 
shaping, product development and management. Having always present need for 
making more effective, simpler, smaller, easier, noiseless, cheaper and more 
beautiful and esthetic products that can easy be recycled and are not harmful for 
environment, the cooperation between specialists of these fields should certainly be 
intensive.  
 
The International Federation for the promotion of Machine and Mechanism Science 
(IFToMM) supports and gives patronage for the Seventh International Symposium 
KOD 2012, including symposium advertising in the IFToMM community and 
posting symposium information in the IFToMM webpage. 
 
A hundred and six articles are published in the Proceedings. It is published the most 
papers than ever in KOD Symposium. Published papers are very interesting, 
contribute to the understanding of design building relationships across 
multidisciplinary design domains including engineering and product development, 
innovation, management, complexity, human behaviour and system design, so that 
means these topics have potentials and have to be further researched. 
 
Thank You for coming in Balatonfüred to take part in symposium KOD 2012 and for 
Your interesting articles. I wish You success in Your further researching and great 
fortune and happiness in personal life. 
 
 
 
 
Prof. D.Sc. Siniša Kuzmanović, Eng. 
Prof. D.Sc. Miroslav Vereš, Eng. 
Chairmans of the Organizing Committee of KOD 
 
Balatonfüred, 24 May 2012 
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Abstract: The article contains the analysis of historical 
development of science, technical inventions, and 
identification of the three basic postulates of product 
development: scientific discoveries, emergence of new 
energy sources, and new methods and tools for product 
development. Based on the trends of events, according to 
these postulates and TRIZ methodology, the work makes 
prediction of product development and technical 
prosperity in a shorter and in a longer time period. It is 
possible to expect product development revolution and 
complete change of the existing engineering structures. 
Physical principles in the future can be replaced by the 
principles transformed from biological systems.   
 
Key words: Product development, TRIZ, prediction 
 
 
1. INTRODUCTION 
 
As it is well known, new products initiate market, 
economic, social and other activities. Difficult social 
situations and economic crises are a consequence of the 
lack of new products. Since the beginning of industrial 
development, industry has been trying to create, organize 
and control product development process that is 
independent of the inspiration of exceptional persons – 
designers. This intention has encouraged more and more 
intensive development of methods and tools for product 
development and design. Historical overview [1-2] shows 
that the beginning of this process has gradually increased 
and in the last period has got an exponential increase. 
However, despite these efforts it is obvious that the new 
products level and their number do not correspond to the 
level of design and product development methodology. In 
order to improve it, the actual attempt is based on 
different kinds of integration [2-3] of product 
development and design activities. These integrations 
produced multidisciplinary products and multidisciplinary 

approaches to product development [4]. This is actual 
attempt for improvement of product development and 
design results. However, those results are with 
improvement of existing products only, as well as 
innovations in the sense of intelligent control, 
harmonization with human and natural environment etc. 
Additionally, various specific aspects are integrated, as 
well as biomimetic [5], ethnography [6] or emotion [7]. 
Sustainable solutions [8] are one more objective of the 
actual approaches in product development and design. 
Regardless of all efforts, challenges and actions [9], lack 
of the fully new products which can improve economic 
situation, is obvious. It is possible to notice that exist 
saturation with something that was the base of previous 
industrial, economic and social development. The basic 
elements that challenged product development in the past 
are not efficient any more. As a first step it is necessary to 
identify those basic elements and then try to predict 
possible trends and expectations. This will be the base for 
prediction of products that have to be completely new.  
Inadequate effects compared to the efforts and results in 
the area of product development and design methodology 
and tools are according to TRIZ administrative 
contradiction that has to be solved, but how? Altshuller’s 
[1] analysis of patents and inventions (1960s) shows that 
the results aren’t in relation to efforts and quantity of 
patents. Enormous quantity of patents is variation of the 
existing solutions. Intensive development of the 
methodology and tools hasn’t changed the situation. The 
TRIZ teaches us that in the first step it is necessary to 
identify the main postulates that have to be fulfilled for 
much higher success in invention. Those postulates are 
probably independent of human efforts and intentions and 
are a result of circumstances produced by some other 
scientific or social events. 
 
2. HYSTORICAL OVERWIEW OF PRODUCT 

DEVELOPMENT 
 
Human interest in technical solutions is as old as man and 
as such presents the main component of society`s 
development. Use of tools started the evolution of man 
and continued with permanent attempt of human mind to 
place under control all processes connected with human 
being evolution, technical systems development and with 
natural environment. Homo Faber Technologies 
understood the use of technical tools without scientific 
methodologies, but Homo Sapiens Technologies opened 
up scientific approaches in human and technical systems 
relation. Ancient philosophers as well as Pythagoras, 
Socrates, Archimedes and the others created the theories 
of inventions that present the beginning of scientific 
approach to product development. Later on, Cicerones 
had to speak that “we have to live in harmony with 
Nature” in order to stop nature disturbing. The Middle 
Ages halted this activity and society`s development all 
together. This very long period was interrupted by 
numerous inventions during the Renaissance, followed by 
craftsmen’s production and later on by industrial 
production. Industrial Revolution sparked the beginning 
of systematic product development. The end of the 
ninetieth century and the beginning of the twentieth is the 
period of serious discoveries and inventions which 
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accelerated product development. The twentieth century 
provided scientific and technological knowledge that is 
incomparable in history. In industrial sense, in the early 
20th century, two important concepts were introduced. 
One was the scientific management of production (Taylor 
system) and the other was mass production (Ford system). 
It was powerful industrialization that needed efficient 
product development. Later on automation and then 
computer technologies intensified it. In the last three 
decades of the twentieth century products became more 
and more diverse,  more complex and of higher quality 
level. Good examples for products of higher complexity 
are mechatronic products that also represent 
multidisciplinary products. Computer based design 
support tools were critical to developing such complex 
products of better quality. This further meant integration 
of data and information for product development, and 
later, knowledge engineering and knowledge 
management. The market system played a crucial role in 
distributing production resources, production 
globalization and worldwide competition, and except for 
knowledge, everything else is now obtainable through the 
market. 
 

2.1. The Approaches of the Mid-20th Century 
  

Rise of industrial production and market competition 
necessitated efficient product development and design. In 
the mid-twentieth century several methods for this 
purpose were developed. Those are the Method of Focal 
Objects, Brainstorming, Synectics, Morphological 
Analysis, Lateral thinking, Neuro-linguistic 
programming, etc. The Method of Focal Objects - MFO is 
based on observation of the chosen object that needs to be 
improved. This object in “focus” is by observation 
compared to other objects in books or nature surroundings 
with the goal to improve or lead to a new idea or solution. 
Brainstorming method - BS has many different versions. 
The essential feature of these methods is generation of 
ideas and critiques of them. They stimulate creative 
thinking, provide new views on the problem, and search 
for new ideas. Brainstorming method stimulates 
associative thinking and comparative analysis. The 
method of Synectics - SYN is based on the Method of 
focal objects but with precise orientation. The stages of 
the method are: problem “as is”, elimination of obvious 
solutions, problem “as is understood”, and suggestive 
questions. The method is suitable for universal use, for 
iterative application in order to approach the area with 
solutions, for team use, but also applicable for individual 
work. The method is applicable for complicated 
problems, difficult to learn but suitable for development 
of individual creativity. The Method of Morphological 
Analysis - MMA is based on search field with systems 
organization, which is useful for search for solutions, for 
intuitive thinking, etc. The method is logical and simple, 
and provides a possibility for the area of solution 
recognition. Lateral thinking – LT method is a detail 
strategy for the comprehensive development of the 
creative capabilities of individuals. The method provides 
tactical analysis of variants which present possibilities of 
problem solving. Neuro – linguistic programming - NLP 
is the method which psychologically and physiologically 
stimulates personal creative abilities. 

Presented methods are predominantly oriented to the 
search for ideas for a new product. The design process 
was classical and manual. The design procedure was 
empiric but with the use of knowledge which 
corresponded to the time and level of science. Knowledge 
based design (Knowledge engineering and Knowledge 
management) was established much later including the 
great value of classical knowledge that was used in 
classical approaches in design. 
             

2.2. The Approaches at the end of 20th Century 
 

The last three decades of the twentieth century were a 
period with the expansion of the tools and methods in 
engineering design. This period started with 
standardization of design procedure (VDI-
recommendations) and with the start of serious computer 
applications in design (appearance of CAD systems). 
Standardization established systematic approach in design 
which was at first sequential in relation with production, 
exploitation, recycling (product life cycle), and then 
concurrent (simultaneous) engineering, vertical integrated 
design, virtual design and other approaches that spent 
efforts to make product development and design more 
efficient. For the same task in the late 1970s and 1980s 
the automation of the CAD application was in trend 
together with CAD/CAM product modeling including 
CAE, etc. The goal was at least to “automate drafting 
tasks” for better productivity, although “automation of 
design tasks” was one of the aims. However, the 
improvement of product quality has become very 
complicated during this period which benefited the trend 
to reduce costs through automation. Also, during the 
1980s, knowledge engineering approaches have 
established expert systems for product development. 
These systems were also a type of design automation but 
they quickly disappeared. Later on, in the late 1980s and 
1990s, concurrent engineering spreaded in all aspects of 
product design and production technologies as DfX 
(Design for X) and collaborative teamwork environment. 
As well as the products and product development 
processes became more and more complex, it was 
essential to have better collaboration among different 
product development participants. This has not only 
shortened the product development lead time (i.e., 
reduced costs as well as competitiveness) by having 
greater overlaps between processes that were formerly 
performed sequentially, but also helped identifying design 
defects before production. Thus, the primary focus was on 
competitiveness, rather than productivity, through 
improved costs and quality [2]. 
 

2.3. Current state of product development 
  

At the beginning of the 21st century in the focus was 
product development process and research in the fields 
connected with it, instead of engineering design. This 
process has begun at the end of the 20th century with 
research in the area of knowledge and in different kinds of 
collaborative product development and integration, then 
through a few specific methods of design (Axiomatic and 
Robust design), designer`s creativity development, etc. 
Product cost, product quality, lead time, product variety, 
organization and similar aspects supporting these 
objectives are in the focus of research at the moment.  
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Fig.1. The areas of product development 
research 

Knowledge which includes science, technology, energy, 
experience, and so on, was the basis for design and 
product development all the time (Fig.1). Knowledge 
organization, manipulation and use are some of the key 
elements for successful product development. As the 
increased number of design methods and tools in the 
previous period resulted in lack of new products, the 
answer and solution to the problem is locked out in the 
knowledge area. The knowledge engineering in the 
previous period was the first step. Then followed 
knowledge based product development, knowledge 
integration, knowledge management, and knowledge 
fusion. Different types of knowledge integration are 
connected with the trends in product development. 
Collaborative design, multidisciplinary products 
(mechatronic products, for example) and similar needs 
necessitated the horizontal integration of knowledge. 
Abandoning of design automation changed the approach 
in knowledge manipulation and use. Cognitive 
approaches have become dominant, and the field of 
creative expression beyond. The TRIZ approach found an 
important role in various areas of product development 
and design.      
During the last decade of 20th century and at the 
beginning of the 21st, product development and design are 
oriented to the reduction of product cost, increase of 
quality, various types of integration, organization, design 
for X, etc. The methods (Fig.1) had to follow and support 
these needs and trends. Liu and Boyle [3] analyzed 
(reviewed) the results of design and product development 
research presented in Journal of Engineering Design in 
the period 2007-2008. Presented advances predominantly 
contain the area of design and product development 
methods and the main points of this analysis are as 
follows. Decision support is not of strategic nature but of 
tactical and operational. Methods for decision making in 
design started developing in the last two decades of the 
20th century. In the 21st the forms and the tasks are in 
relation with the new approaches in knowledge 
processing and product development. Virtual reality – VR 
and other 3D technologies are present attractive methods 
in product development and design. VR in design 
applications provides visual analysis of the product 
characteristics and relation between the user and the 
product. Also, functional behavior of the product, 
manufacturing (product assembly), usability test etc., can 
be carried out using VR tools. Robust design is a new 
method that can provide a product insensitive to service 
and other conditions variation, with a high quality of the 

product in the first attempt. The field of Robust design 
application is getting wider. Ergonomic design and Eco 
design are not really new methods (approaches) but in 
order to create a higher level of harmony between 
product-user-environment, they are in a stronger focus 
and application. Biomimetic methodology [5] is not really 
new either, but is of extremely high importance. This 
methodology provides the possibility for transformation 
of principles and design solutions from biological 
systems.  
Creativity is an individual ability and skill of designer 
team members aided by available design methods, tools 
as well as economic and social environment. Individual 
creativity has to be gradually developed by personal 
education and systematic growth of circumstances in a 
given direction. Available product development and 
design methods are useless without creative approaches in 
their application. This is the reason why areas of 
creativity, methods and tools are mixed and in close 
relation, supporting each other and challenging further 
development (Fig.1). Some of the methods and 
approaches contain both tasks, through stimulation and 
orientation of the way of thinking, to challenge the ideas 
and product development and design solutions. For this 
purpose, the TRIZ approach, having roots in the mid-20th 
century, is innovated in the form of modern TRIZ 
approach at the beginning of the 21st century. This 
approach tries to teach “how to think” in order to make 
inventions and to change the future in general [1]. This is 
a qualitative theory, not a mathematical or quantitative 
one. Using available or newly transformed resources, 
procedures and analogies it is possible to eliminate the 
contradictions that prevent the achievement of ideal 
result. This approach is completely opposite to 
automation of design process, and based on cognitive 
resources. However, the results, i.e. effects are lacking. In 
Fig.1 pyramidal presentation shows that knowledge has to 
provide a very broad base for the development of methods 
and tools together with creativity in order to ensure strong 
penetration in the area of new products (new functions, 
new structures, new behavior of technical products). In 
order to provide deeper penetration of effects (higher 
pyramid) with the same base of knowledge, methods and 
tools, the solutions should be searched for in various 
kinds of integration and multidisciplinary approaches. 
Results are still not as expected. Something that can 
accelerate global industrial and economical processes, 
together with product development, is still missing.          
Horizontally integrated approaches characterize product 
development trends in the first decade of 21st century. The 
main reason for this is the endeavor to increase product 
quality and reduce product development cost and 
development duration, especially for products of high 
complexity level. Tendency to achieve better design 
performance imposes the necessity for a Holistic 
approach that also considers integration in product 
development. Recent research on integrated design 
includes the system integration, requirements integration, 
knowledge integration, and method and process 
integration [3]. System integration has a motivation to 
support the concept of the “whole system” design, as 
opposed to its separate components design. Requirements 
integration considers “vertical” and “horizontal” 
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integration. Vertical integration considers the 
development of product requirements through different 
design stages similar to simultaneous (concurrent) 
engineering principle. Actual trend of integration is 
horizontal one which considers different areas of product 
development because products are becoming more 
multidisciplinary and their boundaries are expanding, 
especially in the sense of numerous new requirements. In 
Fig.2 some of the possible fields of product development 
are presented in the form of horizontal integration. Except 
for robustness, the product needs to satisfy aesthetic, 
ergonomic, eco and other requirements. Holistic approach 
can provide effective results. Also, separate design of 
multidisciplinary products is not acceptable, and therefore 
mechanical and electronic design has to be integrated. 
Biomimetic design has an important role in searching for 
new principles and solutions, in technical systems, but 
integrated in a holistic design.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2. Horizontal integration of product 
development and design areas 

 
3. POSTULATES OF INNOVATION TRENDS 
 

3.1. Levels of innovation 
 

The degree of “newness” of innovation results can be 
very often the subject of misunderstanding. Somebody 
can try to valuate as innovation the already existing 
designs with a small change in geometry or in some other 
characteristics. Innovation has to provide an unexpected 
positive extra-property of an invention that is called 
system super-effect [1]. This is a result that was unknown 
before a solution and is directly connected to the solution 
of a conflict in the initial system. Super-effect systems 
radically changed civilization and have the same value as 
discoveries. In Fig.3 five levels of innovations are 
presented in relation to the aspects of problems which are 
solved. The first level means slight changes in the 
parameters of design components, the second, initial 
functional and structural changes without change in the 
functional principles. The third level contains changes in 
the functional principles and the fourth level, essential 
change compared to neighbouring systems. The fifth level 
understands the new super-effect system, and leads to 

essential change in civilization (telegraph, telephone, 
radio-correspond). Radio-telephone connections are based 
on existing telephone and radio and can be understood as 
the fourth level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Relation between levels of innovation and levels of 

inventions [1] 
 

3.2. Postulates of innovation 
 

Intensity of innovation processes is the result of 
interaction between various social and other 
circumstances. In the course of history it is possible to 
identify a great variation of this intensity, which is closely 
linked with certain conditions in a corresponding 
historical period. According to the TRIZ methodology 
(Theory of invention, in Russian), by identifying the 
relation between historical circumstances and product 
development intensity, it is possible to predict possible 
trends in the future product development. By this analysis 
are identified three groups of necessary proposals which 
can be called “postulates” for intensive product 
development. The first group, Postulate-1 contains 
scientific discoveries and technical inventions which 
present the base for the new principles and the new 
technical solutions creation. Scientific discoveries in the 
field of natural science, for example, electromagnetic 
waves, quant theory, nuclear fission, theory of relativity 
etc., and technical discoveries such as poly-phase electric 
current, aircraft, radio, telephone etc., present a great 
potential for expansion of various innovations with 
different levels of newness presented in Fig.3. The 
problem is that one postulate is not enough for expanding 
the technical solutions. It is not possible to make a 
building with one column (Fig.4). That is the reason why 
many splendid scientific discoveries have to wait for the 
fulfilment of other circumstances (postulates) to be 
transformed into technical solutions. 
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The second, Postulate-2 contains available energy and 
types of power sources. Discovery of the steam engine 
produced the First industrial revolution. The whole 
previous history is based on human and animal power and 
when steam engine broke down the development barrier, 
by changing the way of thinking, it deeply changed social 
situation and produced the greatest revolution in history. 
Later on, engine with internal combustion, poly-phase 
electric motor, steam and gas turbines produced 
accelerated evolution in this direction. 
The third, Postulate-3 is the last proposal for intensive 
product development, installed by the market and 
economic necessity. In the course of the whole history, 
creativity was individual property of the inventor. When 
market was established as a motor of social and economic 
development (mid-20th century), survival at the market 
was conditioned by frequent innovations and by frequent 
offer of the new products. It was the reason why, starting 
from the mid-20th century, there started product 
development and then the expansion of methodology and 
tools for product development. Development of 
computers (IT-Information technologies) was a great 
support and challenge for more intensive development in 
this direction. This expansion caused expectation that 
methods and tools can be sufficient for carrying out 
product development without fulfilment of other 
postulates. Actual situation of the new product lack and 
economic crises proved that it is not possible.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.4. Postulates of the new product development 

 
As above mentioned, fulfillment of one of the postulates 
is not enough for significant increase of product 
development intensity. Effective tools and methods need 
scientific base and new energy sources and other 
resources. An overview of history can establish the 
hypothesis about the relation between postulates. In Fig.5 
these relations are presented and can be analyzed. In 
ancient times science was at the beginning, but theories of 
technical systems invention also began. Technology level 
was very low, slave and animal power effectuated very 
low level of technical systems. Development of these 

systems was significant and started to disturb natural 
environment. Cicerone noticed it and had to say “We have 
to live in harmony with nature”.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. Relation between postulates in the course of history 
 
The Middle Ages halted any scientific or other activities 
that could be in relation with product development. 
Ancient times` products and scientific results were 
considerably destroyed. Restoration could start in the 
Renaissance period (in 16th century) but with the great 
theological resistances. Individual persons, such as 
Leonardo da Vinci, tried to improve scientific and 
technical situation. Leonardo invented various technical 
solutions based on animal and human power. These 
solutions correspond to the level of postulate fulfillment. 
In the Age of Enlightenment (17th century) basic 
discoveries started in the field of natural sciences, but it 
wasn’t enough for the expansion of product development 
because there were no power sources (except animal and 
human power) and creativity was individual property 
similar to arts, without any methodology. In this period 
various technical systems were created for textile 
production, press machines etc. based on human or animal 
power. The level and intensity of development of these 
systems also corresponds to the level of postulate 
fulfillment. 
 

By invention of the steam engine at the end of 18th 
century, together with a strong gradient of scientific 
discoveries in the 19th century, the two postulates (1 and 
3) were fulfilled and it was enough for Industrial 
revolution. It was extremely social and economic 
disturbance which was not a result of the steam engine 
invention only. An extremely long period of scientific 
knowledge increase and use of animal and human power 
created great pressure upon the product development 
barrier (Fig.6). The steam engine invention pulled down 
this barrier only. Thereafter, the expansion of new 
technical systems started, based on the new power source. 
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People who used their own power for work were left 
jobless and blamed the steam engine for the troubles they 
had. Other industrial revolutions are incomparable with 
the first one. The majority of existing technology had to 
be replaced with the new, and it meant expansion of 
product development caused by technical reason 
(challenge).    
Processes which started in the 19th century continued until 
the middle of 20th. Beginning of the 20th century is 
marked by the numerous scientific discoveries and 
technical inventions and by the great increase of the mass 
production. This production produced the market problem 
because assortment of the products got poor. Industries 
had to change approach and to offer new and new 
products in order to survive their position on the market. 
The mid-20th century is the period when industry started 
to develop methodology for the new product creation or 
invention. At the beginning it was in the form of methods 
for ideas searching for product development. After 1970s 
the procedure was established for product development 
and design. Intensive development of computers (IT) 
resulted in tools expansion and new methods for this 
purpose. This process was prolonged to the end of 20th 
century. The third postulate of product development was 
completely fulfilled. In the meantime, significant 
scientific discoveries and new power sources (except 
alternative sources), have not appeared. Fulfillment of the 
third postulate wasn’t only providing significant 
appearance of new products. The beginning of the 21st 
century is marked by quality increase of the existing 
product quality. Multidisciplinary and horizontally 
integrated approaches are dominant, which include 
various aspects such as artificial intelligence, aesthetics, 
ecologic and similar product aspects. Due to missing of 
the first two postulates fulfillment, we are witnesses of the 
lack of principal new products. Some of the new products 
such as mobile telephone are based on electromagnetic 
waves discovered in the 19th century. Some of the old 
discoveries can be exploited today thanks to significant 
increase of technological level.     
 
4. PREDICTION OF THE FUTURE TRENDS 
 
Prediction of product development processes in the future 
is a complex problem. According to TRIZ methodology, 
possible trends can be identified having in mind the 
lessons which teach us history and by the analysis of 
current situation. The circumstances which have to be 
analyzed can be listed as follows:  

 Evolutionary trends in product development in the 
past and expected trends in the future. 

 Revolutionary discontinuity in the product 
development in the past and expectations in the future. 

 Social and economic circumstances in connection with 
the new product trends. 

 Energy, technological, scientific, and other resource 
tendencies. 

 Other circumstances. 
Considering these elements, it is possible to establish 
some kind of a model for prediction of the further product 
development trends in a shorter time period and for a long 
time in the future. The first step in this analysis is 
correlation between social conditions, economic potential 

and science and technology level. In the old age social 
conditions for new technical solutions development were 
favorable but science and technology level was low, so 
technical solutions corresponded to this level. The Middle 
Ages produced social circumstances that weren’t suitable 
for any progressive activity. The Renaissance interrupted 
this situation and it can be considered as the first of 
revolutionary trends in inventive activities. The new age 
is the period with gradual increase of efforts and results in 
product development. This increase can be interesting for 
analysis that could lead to further product development 
prediction. The 20th century is especially interesting for 
this purpose.  
Social and economic relations are of special interest for 
this analysis. Invention of the steam engine firstly 
produced bad social situation and subsequently prosperity 
in the form of industrial revolution. Before this historical 
event, there was an era of animal power, and after the 
invention of the steam engine, the era of mechanical 
energy (mechanical power) began. Other inventions were 
also directed to the production of mechanical energy.  In 
the meantime increase of technological and scientific 
level, including product development, was directed to 
support energy transformation, where mechanical energy 
has the principal role.         

4.1. Prediction of postulate fulfillment 
The relation between technology, products and user needs 
is well known. New technologies need to be transformed 
into the products and then, using market rules and 
methods, user needs for these products need to be 
developed. This is the path for the return of the 
investment in the new technology development and 
research. In “mechanical” era, the technologies are 
predominantly mechanical, at the macro, and later on at 
the micro level. Nano-technologies present by themselves 
a deep penetration inside material structure and 
investigation of processes into the “world” at this level. 
At the moment, numerous material features have no exact 
explanation. It is possible to expect revolutionary 
discoveries in the area of material behavior, in the area of 
biology systems functionality, in the area of new sources 
of energy etc. It can also be expected that research at the 
nano level will provide new sources of energy similar to 
universe sources based on atomic fusion. Gradually or 
revolutionary “mechanical” era will be replaced by the 
“nano” era. For this purpose, it is necessary to develop 
(expand) technical systems that can support these 
activities and provide application of the new knowledge 
for use by humanity, i.e. for customer necessity. 
 

Nanotechnologies are in harmony with expected new 
scientific discoveries which can support new technical 
systems development. Technical systems will be more 
and more similar to biological systems, and 
nanotechnologies will provide identification of biological 
principles and their transformation into technical 
principles. Apart from development, nanotechnologies 
will support significantly the increase of the level of 
knowledge for this purpose, i.e. increase of the level for 
the first postulate fulfillment. 
 

Fusion energy sources are one of the main potentials and 
challenges for expansion of new product development in 
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the future. Present energy sources based on mechanical 
power have numerous disadvantages (low quantity, 
ecological disturbances, high cost, etc.). Expected new 
energy sources as well as sources based on fusion 
principles can change the situation. Energy in unlimited 
quantity with necessary properties can change the existing 
principles of technical systems (principles of 
transportation, material processing, etc.) and avoid 
transformation of all of them into mechanical in order to 
be applied. In this way, the second postulate will be 
fulfilled in the quantitative and also in qualitative sense. 
 

Product development and design methodology is the 
third main potential (postulate) which awaits the 
opportunity for aggressive action in the sense of changing 
the existing principles, structures and behavior of 
technical systems. The existing and future procedures and 
methods for product development and design, with 
different kinds of integration, promise successful 
transformation of knowledge, with significantly increased 
level, supported by the new energy sources in technical 
systems that are in harmony with the actual level of 
technology. 
 

The TRIZ approach teaches us about the way of thinking 
in order to predict the future, and in order to design the 
future [1]. The main rule in the way of thinking about the 
future trends is analyses of past trends that can be 
evolutionary or revolutionary. Social, economic, scientific 
and other surroundings are extremely important for 
principle identification and its transformation for future 
prediction. Altshuller [1] also says that the study of the 
past methods and trends only doesn’t guarantee successful 
prediction.  This is the reason why this text contains 
presentation of the main resources that need to be 
increased and synchronized in order to change the future. 
Discussion about resources, possible product barriers and 
their burst through, and about possible expansion of 
product development can be the orientation for personal 
vision of the future trends, according to TRIZ. 
 

4.2. Short term future trends prediction 
 

Back to the past and by analysis of product development 
trends, we can see that there exist long periods of very 
slow increase of quantity and quality of the new products 
and because of that some of the postulates weren’t 
fulfilled. The present situation is the next. From the 
beginning of the 20th century we have no serious scientific 
discovery. The majority of the new products are based on 
the old scientific results. For example, mobile telephone is 
based on electromagnetic waves discovered in 19th 
century. Digital computers are based on Bool’s algebra 
which is also from 19th century. Thanks to increased level 
of production and other similar technologies, these 
products have appeared and significantly change the way 
of living. Apart from the first postulate, the fulfilment of 
the second postulate of product development (appearance 
of new kind of energy and new power source), is not 
possible to expect in a relatively short period of time. 
Fulfilment of the third postulate only can’t produce 
significant change in product development trend. The next 
period, not too short, until the first two postulates 
fulfilment, will have a very slow trend of product 
development, economic stagnation and latent global 

economic crises. In the meantime we can expect increase 
of social tensions and wait for changes. 
 

4.3. Long term future trends prediction 
 

After a long time of expectation for postulate fulfilment, 
resource potentials for product development will 
significantly increase. These are new energy sources, new 
areas of technology, and new and successful approaches 
in technological and scientific creativeness. Increase of 
product development resources is similar to increase of 
liquid level in some vessel (Fig.6) and its critical pressure 
can produce product barrier and product development 
expansion. This means to brush away the existing 
products with the new ones and to produce industrial and 
technology revolution. 
  
 
 
 
  
 
 
 
 
 
 

 

Fig.6. Expansion of product development when 
necessary potentials are reached 

Expansion of product development in this sense can be 
expected when the level of above mentioned energy 
sources, nanotechnologies, and creative abilities and 
knowledge level increases enough. High level of these 
potentials will pull down the barrier that bounds the area 
of known principles, structures and technical systems 
behavior and will open the new world of technical 
solutions. Social and economic conditions need to be 
suitable for this fast evolutionary transformation. In the 
past, in similar situations, economic and social 
disturbances were very present, and have created 
conditions that we today consider as industrial 
revolutions. New products, such as steam engine, 
produced high level of mechanical power and left many 
people jobless. Extremely bad social situation and hunger 
were overcome by fast increase of industrial production 
and new product development. Using the principles of 
mechanical power production, numerous new products 
were developed, and in the basic details have been kept 
up to date. However, history shows the examples where 
difficult social conditions spurred fast product 
development and accelerated technical, economic and 
social processes. An example of such conditions is wars. 
The TRIZ principles teach how to prepare conditions to 
avoid strong social and economic disturbances and 
instead of technical revolution, perform fast technical 
evolution. Every sudden change and replacement of 
technical systems disturbs economic and social and 
natural environment. This needs to be a special area of 
global human interest, i.e. it needs to be ready when the 
wave of the progressive potentials rises. Social progress 
without great disturbances will be provided by spurring of 
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this wave and subsequently by skillful navigation and 
control in order to escape inconveniences.   
 
5. CONCLUSION 
 
Product development and design results are not a 
consequence of applied methodologies and creativity 
only. In order to prove this statement, an analysis of 
historical and current trends and efforts is presented. The 
main constraints and challenges were connected with the 
invention of power sources, technology and science level, 
and with social environment (crises, wars, etc.). Apart 
from the invention of steam engine, later on at the 
beginning of the 20th century, a few well known 
inventions (alternating electric power system, aircraft, 
helicopter, etc.) and discoveries (Plank, Curie, Einstein, 
etc.) were fundaments for technical progress throughout 
the century. It seems that this base and potential is 
exhausted. The relatively small supplementary scientific 
and technological contributions are not enough for the 
great challenge which is required by actual global 
situation. According to TRIZ principle of future 
prediction and creation, necessary expansion of product 
development can be a result of coupled effects of 
expected discoveries in the field of nanotechnologies, 
expected power sources based on atomic fusion principle, 
and reached level of product development and design 
methodology, tools and creativity. These are the three 
postulates identified for product development expansion 
and for long term future prediction. Economic and social 
conditions will have very important consequences. 
Significant improvement is very desirable, but losing 
control at the social situation, which is very possible in 
these circumstances, could produce unwanted effects.  
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OPTIMAL TOOTH MODIFICATIONS IN 
FACE-HOBBED SPIRAL BEVEL GEARS 

 
Vilmos SIMON 

 
 
Abstract: In this study a new method to introduce optimal 
tooth modifications in face-hobbed spiral bevel gears is 
presented. The goal is to minimize tooth contact pressure 
and angular displacement error of the driven gear. The 
optimal tooth surface modifications are introduced by the 
variation of head-cutter geometry and machine tool set-
tings. The proposed optimization procedure relies heavily 
on the loaded tooth contact analysis developed by the 
author of this paper. A computer program was developed 
to implement the formulation provided above. By using 
this program the influence of head-cutter geometry and 
machine tool settings for pinion manufacture on maxi-
mum tooth contact pressure and transmission errors is 
investigated. The direct search method is applied to de-
termine the head-cutter geometry and machine tool set-
tings resulting considerably reduced tooth contact pres-
sure and transmission errors. 
 
Key words: face-hobbed spiral bevel gears, optimal tooth 
modifications, tooth contact pressure, transmission errors 
 
 
1. INTRODUCTION 
 
Since many decades, numerous authors have carried out 
many studies about representation and design of spiral 
bevel and hypoid gears cut by face-milling method. On 
the contrary, about gear cut by continuous indexing proc-
ess, very few works are available. Litvin described the 
generality of the face-hobbing cutting process and applied 
it to spiral bevel gears [1]. The manufacturing of large-
sized spiral bevel gears in a Klingelnberg cyclo-palloid 
system using multi-axis control and multi-tasking ma-
chine tool is presented by Kawasaki [2]. Procedure to 
obtain the correction values of machine settings for tooth 
surface modification in the case of face hobbing and the 
construction of the corresponding prototype gear cutting 
machine is presented in Ref. [3]. The basis of the new 
face-hobbing method, presented by Stadtfeld [4], is a cut-
ter system that uses an outside and an inside blade per 
blade group only and has an equal spacing between all 
blades. Lelkes et al. [5] proposed a flexible parameter 

variation method for tooth-surface and contact simulation 
of the Cyclo-Palloid spiral bevel gear and discussed the 
influences of cutting parameters on the result of tooth 
contact analysis. Fan [6] presented a polynomial represen-
tation of the universal motions of machine tool settings on 
CNC machines. Shih and Fong [7] proposed a flank 
modification methodology for face hobbing spiral bevel 
gear and hypoid gears, based on the ease-off topography 
of the gear drive. Vimercati [8] presented a mathematical 
model able to represent tooth surfaces of a complex gear 
drive: hypoid gears cut by face-hobbing method. Zhang 
and Wu [9] presented a systematic approach for the de-
termination of complete tooth geometry of hypoid and 
spiral bevel gears that are generated by face-hobbing 
process. 

Methods for load and stress distribution calculations 
in face-milled spiral bevel and hypoid gears were pre-
sented in References [10-25]. Wilcox [10] in his paper 
outlines the general theory for calculating stresses in 
bevel and hypoid gears using flexibility matrix method in 
combination with the finite element method. The loaded 
tooth contact analysis predicting the motion error of spiral 
bevel gear sets, by applying influence matrices, is pre-
sented by Gosselin et al [11]. Handschuh and Bibel [12] 
analytically and experimentally rolled through mesh a 
spiral bevel gearset to investigate the tooth bending stress 
by finite element method. Vogel et al. [13] proposed a 
new methodology for TCA by using sensitivities of tooth 
contact properties regarding arbitrary machine settings. 
Fang et al. [14] consider the edge contact in loaded tooth 
contact analysis. Litvin et al. [15] developed an integrated 
computerized approach for the design and stress analysis 
of spiral bevel gears with low levels of noise and vibra-
tion and increased endurance.   De Vaujany et al. [16] 
presented a numerical tool that simulates the loaded 
meshing of spiral gears and experimental tests carried out 
on a real helicopter gear box. Tooth surface contact stress, 
maximum tensile bending stress and maximum compres-
sive bending stress are investigated by using loaded tooth 
contact analysis and finite element method in Ref. [17]. 
Artoni et al. [18] proposed a fully automatic procedure to 
optimize the loaded tooth contact pattern. An approach is 
proposed by Schlecht et al. [19] for determining the local 
load capacity in the early development of spiral bevel and 
hypoid gears under the action of load spectra. Wang et al. 
[20] used the finite element method to analyze the dy-
namic responses of gear transmission, surface contact 
stress, and root bending stress of a spiral bevel gear pair. 
In Refs. [21-25] a new approach for the computerized 
simulation of load distribution in mismatched spiral bevel 
and hypoid gears is presented.  
Only a few references can be found on load and stress 
distribution calculations in face-hobbed spiral bevel and 
hypoid gears. An advanced contact solver that, using a 
hybrid method combining finite element technique with 
semianalytical solutions is applied by Piazza and Vimer-
cati [26] to carry out both contact analysis under light or 
heavy loads and stress tensile calculation in aerospace 
face-hobbed spiral bevel gears. Saiki et al. [27] proposed 
an innovative loaded tooth contact analysis method di-
rectly using the measured tooth flanks at each manufac-
turing step including milling and hobbing process. Ref. 
[28] presents the numerical procedure to simulate the 
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loaded behavior of the hypoid gear manufactured by face-
hobbing cutting process. Loaded contact patterns and 
transmission error of both face-milled and face-hobbed 
spiral bevel and hypoid gears are computed by enforcing 
the compatibility and equilibrium conditions of the gear 
mesh in Ref. [29] published by Kolivand and Kahraman. 
Kawasaki and Tsuji [30] investigated the tooth contact 
patterns of large-sized Cyclo-Palloid spiral bevel gears 
both analytically and experimentally. Hotait et al. [31] 
investigated experimentally and theoretically the impact 
of misalignments on root stresses of hypoid gear sets. 
In theory, truly conjugate face-hobbed spiral bevel gears 
have line contacts.  In order to reduce the tooth contact 
pressure and the transmission errors, and to decrease the 
sensitivity of the gear pair to errors in tooth surfaces and 
to the relative positions of the mating members, a set of 
carefully chosen modifications is usually applied to the 
teeth of one or both mating gears. As a result of these 
modifications, the gear pair becomes “mismatched”, and a 
point contact replaces the theoretical line contact. In prac-
tice, these modifications are usually introduced by apply-
ing the appropriate machine tool setting for the manufac-
ture of the pinion and the gear, or by using a head cutter 
with an optimized profile. 
The aim of this study is to systematically define optimal 
head-cutter geometry and machine tool settings to simul-
taneously minimize tooth contact pressure and angular 
displacement error of the driven gear. The proposed opti-
mization procedure relies heavily on a loaded tooth con-
tact analysis for the prediction of tooth contact pressure 
distribution and transmission errors.  The load distribution 
and transmission error calculation method employed in 
this study was developed by the author of this paper [21-
25]. 
At the end, numerical results will be presented to demon-
strate the effectiveness of this methodology in simultane-
ously minimizing maximum tooth contact pressure and 
transmission errors. 

 
2. THEORETICAL BACKGROUND 
 
2.1. Generation of Tooth Surfaces 
In this study the concept of an imaginary generating 
crown gear is used to explain the generating cutting proc-
ess of the face-hobbed spiral bevel pinion and gear teeth. 
This imaginary generating gear is a virtual gear whose 
teeth are formed by the traces of the cutting edges of the 
head-cutter blades, although its tooth number is not nec-
essarily an integer. It can be considered as a special case 
of a bevel gear with 90 degree pitch angle. To obtain the 
pinion/gear tooth surface in the generating process, the 
work gear is rolled with the imaginary gear (Figs. 1 and 
4). 
The tooth surface modifications are introduced by the 
following head-cutter geometry variations and machine 
tool settings: (a) the head-cutter blade profile consisting 
of two circular arcs (Fig. 2b), (b) the difference in head-
cutter radii for the manufacture of the contacting tooth 
flanks of the pinion and the gear ( 0tr∆ ), (c) the tilt (κ ) 

and swivel ( µ ) angles of the cutter spindle with respect 
to the cradle rotation axis (Figs. 1 and 3), (d) the tilt dis-
tance ( dh , Fig. 3), (e) the variation in the radial machine 
tool setting ( e∆ , Figs. 1 and 3), and (f) the variation in 
the ratio of roll in the generation of pinion tooth-surfaces 
( 1gi∆ ). 
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Fig.1. Concept of spiral bevel gear hobbing 
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Fig.2. Head-cutter blade profiles 
 
 
The tooth surface of the imaginary generating crown gear 
produced by coordinate transformation from coordinate 
system Ke(xe,ye,ze) (rigidly connected to the head-cutter) 
to coordinate system Kc(xc,yc,zc) (connected to the imagi-
nary generating crown gear) is represented by the follow-
ing matrix equation (based on Figs. 1 and 3): 

 
 

( ) ( ) ( ) eececccc4c rMrMMMMr
rrr
⋅=⋅⋅⋅⋅= 0t1d21g3 rh,,i,e κµ

      (1) 
 
 
Matrices 1cM , 2cM , 3cM , c4M  are presented in Ref. 
[32]; er

r
 is the radius vector of the blade profile points 

(Fig.2).
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Fig.3. Relative position of the head-cutter to the imaginary generating crown gear 
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Fig.4. Generation of pinion and gear tooth-surfaces 
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To obtain the tooth surface in the generating process, the 
work gears are rolled with the imaginary generating gear 
(Figs. 1 and 4). The concept of complementary generating 
crown gear is considered when the generated mating tooth 
surfaces of the pinion and the gear are fully conjugate. 
Conjugate means pinion and gear have a line contact in 
each angular position. The motion transmission happens 
in each roll position precisely with the same constant ra-
tio. The contact area, the summation of all contact lines 
during the complete roll of one pair of teeth, is spread out 
over the entire active flank. As pointed out earlier, to pre-
vent stress concentrations on the tooth edges, caused by 
tooth errors, deflections under load, and misalignments 
between pinion and gear, a crowning in face width and in 
profile direction is applied to the pinion; the gear pair 
becomes “mismatched”. In this case the generating crown 
gears for the pinion and the gear are not being comple-
mentarily identical. 
Figure 4 describes the main and auxiliary coordinate sys-
tems related to pinion and gear teeth generation. The co-
ordinate system Kc(xc,yc,zc) is rigidly connected to the 
generating crown gear; the coordinate systems K1(x1,y1,z1) 
and K2(x2,y2,z2) are rigidly connected to the pinion and the 
gear, respectively. The tooth surfaces of the pinion and of 
the gear are defined by the following system of equations: 
 

( ) ( ) ( )i
eec1i2i3i

i
c1i2i3i

i
i rMMMMrMMMr

rrr
⋅⋅⋅⋅=⋅⋅⋅=  (2a)

       
( ) ( ) 0i

0c
c,i

0c =⋅ev
rr

     (2b)
  
The coordinate transformations (Eq. (2a)) between the 
main coordinate systems Kc(xc,yc,zc), K1(x1,y1,z1), 
K2(x2,y2,z2) and the auxiliary coordinate systems, are de-
scribed in Ref. [32]. The fundamental equation of mesh-
ing (2b) states that, for each point to lie on the envelope 
tooth surface, the unit normal vector ( )i

0ce
r

 to the family of 
the generating crown gear surfaces should be perpendicu-
lar to the relative velocity of the generated pinion/gear to 
the generating crown gear, ( )c,i

0cv
r

. 
 
2.2. Load distribution  
The load distribution calculation is based on the condi-
tions that the total angular position errors of the gear teeth 
being instantaneously in contact under load must be the 
same, and along the contact line (contact area) of every 
tooth pair instantaneously in contact, the composite dis-
placements of tooth surface points – as the sums of tooth 
deformations, tooth surface separations, misalignments, 
and composite tooth errors – should correspond to the 
angular position of the gear member. Therefore, in all the 
points of the instantaneous contact lines the following 
displacement compatibility equation should be satisfied: 

 
( ) ( ) ( ) ( )k

2
0

D

nk
2

d
22 r

y φ∆∆φ∆φ∆φ∆ +
⋅×

⋅=+=
r

ear
r

rrr

   (3) 

 
where ny∆  is the composite displacement of contacting 
surfaces in the direction of the unit tooth surface normal 
e
r

, r
r

 is the position vector of the contact point, Dr  is the 

distance of the contact point to the gear axis, and 0a
r

 is 
the unit vector of the gear axis. 
The composite displacement of the contacting surfaces in 
contact point D, in the direction of the tooth surface nor-
mal, can be expressed as 

 
( ) ( ) ( )DnDDn zezszwy ++=∆      (4) 

 
where Dz  is the coordinate of point D along the contact 
line, ( )Dzw  is the total deflection in point D, ( )Dzs  is the 
relative geometrical separation of tooth-surfaces in point 
D, and ( )Dn ze  is the composite error in point D, that is the 
sum of manufacturing and alignment errors of pinion and 
gear.  
The total deflection in point D is defined by the following 
equation ([33]) 

 
( ) ( ) ( ) ( ) ( )∫ ⋅+⋅⋅=

itL
DDcFFDdD zpzKdzzpz,zKzw    (5) 

 
where itL  is the geometrical length of the line of contact 
on tooth pair ti , ( )FDd z,zK  is the influence factor of 
tooth load acting in tooth-surface point F on total com-
posite deflection of pinion and gear teeth in contact point 
D. dK  includes the bending and shearing deflections of 
pinion and gear teeth, pinion and gear body bending and 
torsion, and deflections of supporting shafts. A finite ele-
ment computer program is developed for the calculation 
of bending and shearing deflections in the face-hobbed 
pinion and gear [34]. ( )Dc zK  is the influence factor for 
the contact approach  between  contacting pinion and gear 
teeth, i.e., the composite contact deformation in point D 
under load acting in the same point, ( )Fzp  and ( )Dzp  are 
the tooth loads acting in positions F and D, respectively. 
As the contact points are at different distances from the 
pinion/gear axis, the transmitted torque is defined by the 
equation 

 

( ) dzzrT
tt

t it

Ni

1i L
F0FF ⋅⋅⋅= ∑ ∫

=

=

tp
rr

     (6) 

  
where Fr  is the distance of the loaded point F to the gear 
axis, F0t

r
 is the tangent unit vector to the circle of radius 

Fr , passing through the loaded point F in the transverse 
plane of the gear, and tN  is the number of gear tooth 
pairs instantaneously in contact. 
The load distribution on each line of contact can be calcu-
lated by solving the nonlinear system of Eqs. (3)-(6). An 
approximate and iterative technique is used to attain the 
solution. The contact lines are discretized into a suitable 
number of small segments, and the tooth contact pressure, 
acting along a segment, is approximated by a concen-
trated load, F

r
∆ , acting in the midpoint of the segment. 

The actual load distribution, defined by the values of 
loads F

r
∆ , is obtained by using the successive-over-

relaxation method. In every iteration cycle a search for the 
points of the “potential” contact lines that could be in 
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instantaneous contact is performed. For these points the 
following condition should be satisfied 
 

( )
( )
( )
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⎝

⎛

⋅
⋅×

−
≤

r
ear

r

rrr
φ∆φ∆

∆      (7) 

 
where ti  is the identification number of contacting tooth 
pair, zi  is the segment identification number on tooth pair 

ti . 
The details of the method for load distribution calculation 
in spiral bevel gears are described in Refs. [22 and 33]. 

 
2.3. Transmission Errors  
The total transmission error consists of the kinematical 
transmission error due to the mismatch of the gear pair 
and due to eventual tooth errors and misalignments of the 
meshing members, and of the transmission error caused 
by the deflection of teeth (Eq. (3)). 
It is assumed that the pinion is the driving member and 
that is rotating at a constant velocity. As the result of the 
mismatch of gears, a changing angular velocity ratio of 
the gear pair and an angular displacement of the driven 
gear member from the theoretically exact position based 
on the ratio of the numbers of teeth occur. This angular 
displacement of the gear can be expressed as 

 
( ) ( ) s221011202
k

2 N/N φ∆φφφφφ∆ +−⋅−−=     (8) 
 

where φ10 and φ20 are the initial angular positions of the 
pinion and the gear, φ2 is the instantaneous angular posi-
tion of the gear for a particular angular position of the 
pinion, φ1; N1 and N2 are the numbers of pinion and gear 
teeth, respectively, and s2φ∆  is the angular displacement 
of the gear due to edge contact in the case of misalign-
ments of the mating members when a “negative” separa-
tion occurs on a tooth pair different from the tooth pair for 
which the angular position is calculated. 
The angular displacement of the gear, ( )d

2φ∆ , caused by 
the variation of the compliance of contacting pinion and 
gear teeth rolling through mesh, is determined in the load 
distribution calculation (Eq. (3)).  
Therefore, the total angular position error of the gear is 
defined by the equation 
 

( ) ( )d
2

k
22 φ∆φ∆φ∆ +=       (9) 

 
2.4. Optimization Method 
Minimizing tooth contact pressure and transmission error 
is regarded here as a mathematical optimization problem. 
Hence, its formulation requires that proper manufacture 
variables, targets (objective function), and constraints be 
defined. 

2.4.1. Manufacture variables. 
The contact properties and the loaded transmission error 
are extremely sensitive to any small-level variations in the 
head-cutter geometry and machine tool setting. Appropri-

ate modifications of existing basic manufacture parame-
ters can significantly enhance the performance character-
istics of a gear drive. For this reason, the following manu-
facture parameters are taken as the basis of the proposed 
optimization formulation: the radii of the head-cutter 
blade profile ( 1profr  and 2profr ), the difference in head-
cutter radii for the manufacture of the contacting tooth 
flanks of the pinion and the gear ( 0tr∆ ), the tilt (κ ) and 
swivel ( µ ) angles of the cutter spindle with respect to the 
cradle rotation axis, the tilt distance ( dh ), the variation in 
the radial machine tool setting ( e∆ ), and the variation in 
the ratio of roll in the generation of pinion tooth-surface 
( 1gi∆ ). Therefore, the maximum tooth contact pressure 
and the maximum transmission error depend on the 8 
manufacture parameters ( mp ): 

 
( ) ( )1gd0t1prof1profmaxmax i,e,h,,,r,r,rpp ∆∆µκ∆=mp  

(10) 
( ) ( )1gd0t1prof1profmax2max2 i,e,h,,,r,r,r ∆∆µκ∆φ∆φ∆ =mp  

 
2.4.2. Objective Function and Constraints.  
As pointed out earlier, the goal is to minimize tooth con-
tact pressure and transmission errors while keeping the 
loaded contact pattern inside the possible contact area, 
namely inside the physical tooth boundaries of the pinion 
and the gear. The objective function and constraints for 
the optimization problem at issue are obtained by con-
cerning the above concepts into mathematical require-
ments. The applicable objective function can be expressed 
by the linear combination 

 

( ) ( ) ( )
0max2

max2
2

0max

max
1 c

p
pcf

φ∆
φ∆ mpmpmp ⋅+⋅=   (11) 

 
where 0maxp  and 0max2φ∆  are the maximum tooth contact 
pressure and transmission error obtained for the initial 
values of manufacture parameters; c1 and c2 are non-
negative weight coefficients, expressing their relative 
importance.  
Proper constraints need to be devised to cause the contact 
pattern remains inside the pre-assigned tooth boundaries 
and determined by the end points of the “potential” con-
tact lines, defined by Eq. (7). It leads to the requirement 
that the contact load exerted outside the instantly possible 
contact area be zero. This equality constraint is easily 
computable through the loaded tooth contact analysis. For 
this, a single variable C needs to be initialized to zero and 
its value is simply and cumulatively incremented by the 
not existing load read at each contact point of the instan-
taneously engaged tooth pairs throughout a mesh cycle. 
As such variable will ultimately have to be zero, the con-
straint can simply be denoted by  

 
( ) 0C =mp      (12) 

 
where C is the total of not existing contact loads, which 
depends on the tooth surface topography through the 
manufacture parameters mp. 
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In conclusion, the optimization problem to be solved can 
be stated as follows: 

 

( ) ( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡
⋅+⋅=

0max2

max2
2

0max

max
1mpmp

c
p

pcminfmin
φ∆

φ∆ mpmpmp  

(13) 
subject to ( ) 0C =mp  
 
It is important to emphasize that all the functions in Eq. 
(13) are numerically available through the load distribu-
tion calculation. 

2.4.3. Solution of the Optimization problem.  
The optimization problem formulated according to Eq. 
(13) is a nonlinear constrained optimization problem, be-
longing to the general framework of nonlinear program-
ming. In addition functions ( )mpf  and ( )mpC  are not 
available analytically, but they are only computable, i.e., 
they exist numerically through the load distribution calcu-
lation. Therefore, the problem defined by Eq. (13) also 
falls within the category of simulation based optimization. 
In the simulation-based optimization setting [35], the 
computer simulation of load distribution must be run, 
repeatedly, in order to compute the various quantities 
needed by the optimization algorithm. As a consequence, 
a good deal of numerical noise is introduced into the 
model, which causes the calculation of partial derivatives 
for gradient-based optimization algorithms to be quite 
impractical, even for underlying smooth problems (which 
is the case under consideration). In this scenario, finite-
difference approximation of the gradient can be unreli-
able. On top of these issues, the load distribution calcula-
tion relies on a model based on several levels of discreti-
zation (described earlier): Discretization error contributes 
to the risk of having wildly inaccurate derivative esti-
mates. For all of these reasons, a nonderivative method 
should be selected to solve this particular optimization 
problem. One of the direct search methods described in 
Ref. [35] is adopted. Here, the Hooke and Jeeves pattern 
search method [36] will be used. This method is designed 
to solve nonlinear optimization problems, even for non-
smooth cases, when function derivatives are unavailable 
or their calculation would be impractical or unreliable.  
 
3. RESULTS 
 
A computer program was developed to implement the 
formulation provided above. In order to ascertain its va-
lidity, the proposed methodology was applied to optimize 
the drive side of a face-hobbed spiral bevel gear set. The 
main design data of the example face-hobbed spiral bevel 
gear pair used in this study are given in Table 1. 
The load calculations were performed for 21 instantane-
ous positions of the mating members rolling through a 
mesh cycle. The path of contact and the tooth contact 
pressure distributions along the potential contact lines for 
21 instantaneous positions and for all the adjacent tooth 
pairs engaged for a particular position of the mating 
members, for the case when no modifications are intro-
duced into the pinion teeth, namely straight-lined head-
cutter profile and the original machine tool settings are 
applied, are shown in Fig. 4. In this case the pinion and 

gear tooth surfaces are fully conjugate. It can be observed 
that there is an unbalanced pressure distribution with 
pressure peaks along the edge on the tooth heel. The 
maximum tooth contact pressure is 1155 MPa and the 
maximum angular displacement of the driven gear is 
12.23 arcsec. 
 
Table 1  Pinion and gear design data 

 Pinion Gear 
Number of teeth 12 36 
Module, mm 4.941 
Pressure angle, deg 20 
Mean spiral angle, deg 35 
Face width, mm 25.4 
Pitch diameter, mm 59.292 177.876 
Outside diameter, mm 65.931 178.761 
Pitch angle, deg 18.4349 71.5651 

 

 
 

Fig.4. Path of contact and tooth contact pressure distri-
butions along the potential contact lines for the case when 

the pinion and gear tooth surfaces are fully conjugate 
and the applied torque is T=80 Nm 

 
 

 
 
Fig.5. Tooth contact pressure distributions along the po-

tential contact lines for the case when the pinion 
 teeth are manufactured by optimized head-cutter and 

machine tool settings;  the applied torque is 80 Nm 
 
The optimal geometry of the head-cutter and the optimal 
values of machine tool settings determined by the pro-
posed methodology, for three different values of the trans-
mitted torque are presented in Table 2. It can be observed 
in Table 2. that there is a considerable reduction in maxi-
mum tooth contact pressure and maximum transmission 
error. The tooth contact pressure distributions along the 
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potential contact lines for the case when the pinion teeth 
are manufactured by these optimized head-cutter geome-
try and machine tool settings are shown in Figs. 5-7.  
 
Table 2. Data for the optimal head-cutter geometry and 
machine tool settings; reductions of the maximum tooth 
contact pressure and transmission error 

T [Nm] Head-cutter data 
and machine tool 
settings 20 80 200 

1profr  [mm] 848.33 553.75 435.42 

2profr  [mm] 4916.7 ∞ 7708.3 

0tr∆    [mm] 0.2207 0.5619 0.6981 

κ       [deg] -0.0209 0 0 

µ       [deg] 0 0 0 

dh       [mm] 0.7417 0.0958 -0.2508 

e∆      [mm] -0.0246 -0.0102 0 

1gi∆  -0.0010 0 0.003 

[ ]%pmax∆  -58.04 -59.05 -60.08 

[ ]%max2φ∆∆  -41.47 -74.00 -76.00 
 
 

 
 
Fig.6. Tooth contact pressure distributions along the po-

tential contact lines for the case when the pinion 
 teeth are  manufactured by optimized head-cutter and 
 machine tool settings and the applied torque is 20 Nm 

 
 

 
 
Fig.7. Tooth contact pressure distributions along the po-

tential contact lines for the case when the pinion 
teeth are manufactured by optimized head-cutter and 
machine tool settings and the applied torque is 200 Nm 

4. CONCLUSION 
 
In this study, an optimization methodology is proposed to 
systematically define optimal head-cutter geometry and 
machine tool settings to simultaneously minimize tooth 
contact pressure and transmission errors, while concur-
rently confining the loaded contact pattern within the re-
gion defined by the ends of “potential” contact lines re-
garding to tooth surface topology and applied load. Effec-
tiveness of this optimization was demonstrated by using a 
face-hobbed spiral bevel gear example. By applying the 
optimized head-cutter geometry and machine tool set-
tings, drastic reductions in the maximum tooth contact 
pressure and in the maximum angular displacement of the 
driven gear were obtained. 
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SPIROID GEARS  

WITH ROTAPRINT LUBRICATION  
OF ENGAGEMENT 

 
Veniamin GOLDFARB 

Valery ANFEROV 
 
 
Abstract: Cases are known in practice of spiroid gears 
application when the liquid or plastic lubrication is 
undesirable or inadmissible from technical or ecological 
points of view. In these cases it is possible to use the 
rotaprint (solid) lubrication of the gearing. Versions of 
such a spiroid gear are considered in the paper. 
 
Key words: spiroid gears with two gearwheels, rotaprint 
lubrication, new design solutions 
 
 
1. INTRODUCTION 
 
Engineering and manufacturing progress is particularly 
demonstrated by common cases of applying mechanisms  
in extreme operating conditions, when traditional 
designing methods are not satisfactory. Suffice it to say, 
that development of space, ocean depths, active progress 
in atomic power engineering and many other up-to-date 
processes stated the task for mechanical engineering and, 
in particular, gearbox engineering to create mechanisms 
(gearboxes) with unallowable or extremely undesirable 
application of liquid lubrication for required performance 
characteristics.  
The present paper describes the authors’ experience of 
creating such gearboxes on the basis of spiroid gears. The 
choice of the latter is not occasional: their essential 
advantages over other types of gears [1-4 and other] 
ensure their wide application in various engineering 
branches, including those with extreme or close to 
extreme operation conditions. Geometrical features of 
spiroid gears allow creating unique gearbox layouts to 
operate in the pointed conditions. 
 
2. A LITTLE ABOUT GEOMETRICAL 

THEORY OF SPIROID GEARS 
 
Spiroid gears are hyperboloid gears, that is, gears with 
skew axes. They are intermediate between hypoid and 

worm gears, with common geometrical features with the 
first ones (Fig.1) – by arrangement of engagement zone 
with respect to the gear interaxial line О1О2 – and at the 
same time they are related to the second ones according to 
the manufacturing method – the gearwheel is cut by the 
tool, copying the worm’s geometry, relative position and 
relative motion with respect to the gearwheel. 
 

spiroid gear 

hypoid gear

worm gear 
O 1

O 1

O 1

O 1

O 2  
 

Fig.1. Position of spiroid gears between worm  
and hypoid gears 

 

 
 

Fig.2. Generalized scheme of spiroid gear 
 

The first and one of the most responsible stages of gear 
design is choosing its scheme, generated by pitch surfaces 
of the worm and gearwheel. In general case of choosing 
the conical pitch surface of the worm, characterized by 
parameters r0, δ1, B1, b1 (Fig. 2), the gearwheel pitch 
surface and the gear scheme in general are described by 
equations [5, 6] 
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where the first equation determines the pitch cone of the 
worm and the second one is obtained by the classic 
enveloping condition [7]. 
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The joint consideration of equations (1) leads to the 
equation  
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which determines the line L (Fig. 2) of pitch surfaces in 
the system S(x, y, z).  
Presence of two roots of the equation (2) at each fixed Z  
indicates, that assigned values of initial parameters 

01,,, raw δ∑  satisfy two lines L (lines L1 and L2 – Fig. 3) 
and, therefore, two gearwheel pitch surfaces, contacting 
with the worm pitch cone. It means, that two gear 
schemes with different features are possible for the 
chosen values of initial parameters, one of these features 
being the value of sliding speed in engagement zone, 
determined according to the following equation [7] for the 
chosen arrangement of coordinate axes and assigned  
angular speeds of the worm and gearwheel:  
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where 
2

1
ω

ω=u is the gear ratio. 

 
 

Fig.3. Two schemes of a gear with chosen  
values 01,,, raw δ∑  

 
Values sV  for each scheme and, therefore, for each 
engagement zone differ from each other. The arrangement 
of links with the least value sV  is accepted to be called 
basic [8], and the other one with the greatest value sV  is 
auxiliary. It is evident, that better engagement conditions 
are achieved with the basic arrangement of links.  
In case, when ∑ = 90°, 1δ =0, the orthogonal gear with a 
cylindrical worm with two engagement zones will look as 
it is shown in Fig. 4. 

 
 

Fig.4. Orthogonal two-wheel spiroid gear with 
cylindrical worm 

 
3. SPIROID GEARBOXES WITH 

ROTAPRINT LUBRICATION OF 
ENGAGEMENT 

 
The mentioned above possibility to make spiroid gears 
with two (or several in general case) engagement zones 
(when the worm is engaged with two gearwheels, 
mounted on one shaft and rotated in one direction) was 
applied for a special gearbox with rotaprint lubrication of 
engagement (Fig. 5) – USSR Patent N 838208 [9]. 
One of gearwheels in this gearbox is operating, 
transmitting the loading torque, and the other is made of 
solid lubricating material. The lubricating gear rim is 
mounted on the movable hub, shifting along the axis 
under action of a regulating spring (Fig. 5). 
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Fig.5. Spiroid gearbox with rotaprint 
 lubrication of engagement 

 
In gearbox operation the solid lubricant, covering the 
worm threads during their interaction with the lubricating 
gearwheel, will be transmitted to the zone of engaging 
with the operating gearwheel, transmitting the load. When 
such a gear is being designed, the task arises of a 
reasonable choice of engagement zone for each gearwheel 
according to their functional purpose.  
It is evident, that as far as the operating engagement zone 
(transmitting the load) is concerned, the smaller sliding is 
preferable, that is, the basic arrangement of links, and vice 
versa the greater sliding and auxiliary arrangement are 
correspondingly preferable for the lubricating zone. The 
formal algorithm of identifying such zones [5] and a 
simple rule of their definition [8] are known, illustrated by 
corresponding figures (Fig. 6, 7): for a basic (auxiliary) 
arrangement of worm and gearwheel, when looking from 
gear rim teeth in the direction from the gearwheel axis to 
the intersection point of the interaxial line with the worm 
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axis, the latter is located to the right (left), if its thread 
lines have the right direction and vice versa the worm is 
located to the left (right) if its thread lines have the left 
direction.  
The given rule allows solving unambiguously the task of 
a purposeful choice of operating and lubricating zones of 
engagement. 
The choice of a lubricating gearwheel material is of a 
crucial importance, since a reliable generation of the 
lubricating film on thread active flanks and its 
transmission to a zone of operating engagement is 
necessary.  
Three types of material are experimentally tested: based 
on fluorocarbon polymer ChT-1, graphite fiber composite 
АMS-1 and graphite АG-1500. Tests were carried out for 
a gearbox with the following parameters: aw = 40 mm; 
u=30:1; axial module of worm threads mx=2.75 mm; 
operating gearwheel material is bronze BrА9Zh4; worm 
material is Steel 40H, hardened up to the hardness HRC 
53-55.  

 
 

Fig.6. Spiroid gear with basic arrangement  
of worm and gearwheel  

 
 

Fig.7. Spiroid gear with auxiliary arrangement  
of worm and gearwheel  

 
Tests of the fluorocarbon polymer ChT-1 lubricating 
gearwheel comprised running-in without load during 10 
hours with the consequent stepwise loading up to the 
value of loading torque 60 Nm. Tests lasted about 240 
hours at this load. Inspection of flanks condition after 
tests revealed the following: 

 operating gearwheel teeth wear did not exceed 0.05 
mm; contact pattern on tooth flanks was 95%; 

 lubricating gearwheel teeth wear was 1.6 mm; 
 wear on worm thread flanks is practically absent. 

Observation of the gearbox operation during tests and the 
performed inspection of tooth flanks after tests were 

finished gives ground to make the conclusion of the 
gearbox serviceability. 
Gearboxes, comprising the lubricating gearwheels made 
of graphite fiber composite АMS-1 and graphite АG-1500 
failed during the running-in period because of lubricating 
gearwheel teeth breakage. 
It is evident, that the operating lifetime of a gear with 
rotaprint lubrication is limited by the intensity of the 
lubricating gearwheel teeth wearing-out. The task of 
lifetime extension can be solved by replacement of a 
lubricating gearwheel. However, another solution of this 
problem has been found. 
Let us turn to Fig. 8, displacement of a lubricating 
gearwheel 1 in the direction of a worm 2 is limited here 
by clearances δ1 and δ2. After a certain thinning of 
gearwheel 1 teeth and its displacement to the worm 1, the 
pointed clearances will be eliminated and the contact of 
gearwheel tooth apexes and troughs with troughs and 
apexes of worm threads will start. From this instant a 
reliable application of a lubricating layer on worm threads 
will not be provided, resulting in rapid damage of 
operating engagement elements and gear failure.  
In order to avoid such an effect, it is proposed to remove 
the material from apexes of the lubricating gearwheel 
teeth during its axial displacement by means of a special 
blade, mounted in the gearbox casing [10] (Fig. 9). It 
allows keeping the constant value of the clearance δ1, the 
gapless engagement of the lubricating gearwheel and 
worm and a stable supply of a lubricant to the operating 
engagement. 
Experimental testing of the proposed device showed, that 
it is possible to increase the gear lifetime 2.8…3 times. 
 

 
 

Fig.8. Scheme of gapless engagement of worm with 
lubricating gearwheel 

 

 
 

Fig.9. Advanced version of gearbox 
 
Let us consider another version of a spiroid gearbox with 
rotaprint lubrication of engagement, defended by the 
Russia Patent N 2306465 [11]. The gear is mounted in the 
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casing 1 (Fig. 10, a) and it comprises the gearwheel 2 and 
the worm 3. The lubricating device represents helical 
grooves in the worm with the solid lubricating material  in 
these grooves. Direction of grooves coincides with 
direction of helical line of worm threads, and their 
inclination angle ϕ is chosen according to the condition 
ϕ=Kγ, where γ is the inclination angle of worm thread 
line, K is the coefficient, chosen within the range 1.75…3 
for a gear with self-braking and K<0.7 for a gear without 
self-braking. Here, the less the value γ, the less the value 
K. According to these conditions, there is no solid 
lubrication pressing-out of the groove, since the normal 
reaction Rn (Fig. 10, b) acts at the angle to the helical 
groove, ensuring the deposition of the lubricant onto 
gearwheel teeth. The feature of the gear is that the spiroid 
gearwheel is made of steel, and the worm is made of 
softer material – bronze or brass. Intensity of lubricant 
supply is automatically regulated depending on duration 
of the friction pair operation, since the amount of 
lubricant, supplied to the contact zone, directly depends 
on intensity of worm threads wearing out. When the 
rotational speed or load onto the worm is increased, 
intensity of its threads abrasion is increased and, 
therefore, abrasion of a solid lubricating material is 
increased, resulting in the supply of a solid liquid to the 
contact zone. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.10. Spiroid gear with rotaprint 
 lubrication of engagement 

 
4. CONCLUSION 
 
Spiroid gears with rotaprint lubrication of engagement 
can find application for special extreme operating 
conditions in nuclear, chemical, space, food and other 
branches of industry, when liquid and consistent 
lubrication is inadmissible. The presented in this paper 

information on layouts of such gears can be successfully 
used for these operating conditions. 
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CONTACT CIRCUMSTANCES OF THE 

HIGHLY LOADED, LOW SPEED GEARS 
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Abstract: Increased interest in renewable energy induced 
implementation of ever more powerful wind power-plants. 
It is necessary to produce turbine parts to the highest 
standards due to extreme working conditions. During 
recent decades micro-pitting emerged as the most typical 
damage cause in gear-boxes. The paper exposes the 
vicinity of the meshing start point as critical in this 
context and proposes different tooth flank shape as a 
possible solution. Features of S-gears are presented and 
discussed with regard to such damage types. 
 
Key words: micro-pitting, involute gears, S-gears, 
meshing circumstances 
 
 
1. INTRODUCTION 
 
Since the environmental impact of thermal power-plants 
is regarded as a problem due to their CO2 emission or 
nuclear waste and danger of pollution, many efforts have 
been put to development of new renewable energy 
sources. These natural resources such as sunlight, wind, 
rain, tides, and geothermal heat represent about 19% of 
globally generated electricity, with 16% coming from 
hydroelectricity and 3% from new renewables [1], which 
are small hydro, modern biomass, wind, solar, 
geothermal, and biofuels. Among these, the wind power is 
growing at the rate of 30% annually, with a worldwide 
installed capacity of 238,000 megawatts (MW) at the end 
of 2011 [1]. This makes wind power source development 
of a particular interest. 
Contemporary (not only) mechanical engineering is 
generating new, innovative solutions with regard to 
growing, sharp demands towards capacity and 
geographical positioning (e.g. open sea wind power-
farms). The theoretical background in this case derives 
from aircraft propeller technique, use of electro-magnetic 
field for generating electric power, and development of 
durable mechanical components for power transmission. 
It is a specialty of this type power transmission that the 
rotational speed of a rotor amounts to 15 RPM and the 

rotational speed of a generator either 1000 or 1500 RPM. 
Besides, powers of 5 or more MW are standard. For 
example Windtec developed the 10MW turbine, SeaTitan, 
having the rotor diameter of 190 m [2]. Therefore, the 
towers, on which turbines are mounted, can be 
exceedingly high and the power-plants can be situated 
inaccessible locations, which makes assembly operations 
and maintenance demanding and expensive. This is the 
reason for requirements to prolong durability of machine 
parts up to 20 years, put by investors. More experience 
with the new technology in recent years discovered in the 
past less pronounced damage type – micro-pitting, which 
manifests particularly on slowly rotating gears and roller-
bearings. Micro-pitting emerges in lubricated heavily 
loaded contact surfaces even only after 106 cycles and the 
running-in period might be crucial in this context. So, 
surface roughness, oil film parameters including lubricant 
and hardness combination in the contact are the most 
influencing factors. Difficulties also derive from the 
“lean” design imposing higher loads in ever smaller gear-
boxes dimensioning gears to load levels close to 
admissible values. Due to this prospecting field many 
gear producers joined with their optimally designed 
solutions. All above stimulated researchers in search of 
boundary conditions for emergence of micro-pitting and 
optimal conditions for its prevention [3], [4], [5] and 
should be followed by producers. The mentioned gear 
train is a vital part of the wind power-plant, thus its 
reliability is of the utmost interest, since failure means 
loss of the income and expensive repair. This leads to 
conflicting interests between producers and investors, so 
technical expertise and legal advising is incorporated [6]. 
Because of high costs of failures, insurance companies are 
also involved. Notwithstanding the question of endurance 
of gear-trains with regard to micro-pitting is still open [7]. 
 
2. MICRO-PITTING IN INVOLUTE GEARS 
 
Gear-boxes of contemporary wind turbines are exposed to 
the most severe working conditions. The slowly rotating 
input rotor shaft implies high, even extreme loads on the 
teeth flanks. Hundred thousands of up till now day 
produced gear-boxes are implemented with involute gears 
in which micro-pitting manifested. Micro-pitting occurs 
under mixed-film elasto-hydrodynamic lubrication where 
oil film thickness is of the same order as surface 
roughness average and load is borne by surface asperities 
and lubricant. When asperities carry a significant portion 
of load, collisions between asperities on opposing 
surfaces cause elastic and/or plastic deformation, 
depending on the severity of local loads. Cyclic contact 
and shear stresses accumulate plastic deformation on as- 
 

 
 

Fig.1. Damage induced by the micro-pitting 
short test [8] 
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perities and at shallow depths below asperities. Plastic 
flow produces tensile residual stresses and with sufficient 
cycles fatigue cracks initiate [8], [9]. Micro-pits initiate 
and grow on a scale of a few micrometers but coalesce 
and spread to produce surface damage on a scale of 
millimeters or centimeters, degrading accuracy. Micro-
pitting appears visually as a dense pattern of very small 
pits causing the surface color gray. This forces the 
producers to use expensive technologies, carburizing and 
grinding, to improve roughness and hardness of surfaces. 
Fig. 1 shows records of damages when gears prolong 
operating after initial micro-pitting. Fig. 1 also reveals 
that damages appear at the lower part of the driving gear 
tooth dedendum near the meshing start point A, and that 
they increase over time, which initiates non-uniform 
rotation transmission and increased noise. Experts from 
FZG also mean that initial micro-pitting can be cured by 
selection of more appropriate oil. The short micro-pitting 
test is also used for selection of suitable oil guaranteeing 
appropriate lubricating film thickness without damage 
[10]. The oil film thickness depends on the oil type, 
aditives and the most on viscosity [11]. 
Wear circumstances of the involute gears in the vicinity 
of the meshing start point are represented in Fig. 2. The 
gear pair has 16 and 24 teeth, where the pinion is the 
driving gear and A represents the meshing start and E its 
end. The curvature radius of the driving gear ρ1 is defined 
by the distance AT1 and the counterpart radius ρ2 by AT2. 
Since ρ1 is very small compared to ρ2 in the vicinity of 
the meshing start point A one can conclude that also the 
velocity vtG1 is small comparing to vtG2. The subtraction of 
these gives the sliding speed vg= vtG1-vtG2. The normal 
force FN is transmitted through the contact, which causes 
the force of friction Ftr oriented tangentially to the contact 
and the corresponding power of friction, Ptr = Ftr vg, The 
power of friction being generated in the contact 
representing losses transforms to the heat flow, distributed 
to both involved flanks. The distribution of heat is 
strongly influenced by the velocities in the contact. A 
greater part of the heat is therefore distributed to the 

almost standing still driving gear and the rest to the longer 
contacting area of the driven gear. Assuming high torques 
and low rotating speeds, the forces near A are very high, 
therefore the friction force and the power of friction, 
which originates damages, cannot be low. The friction 
force grows to very high levels already at the meshing 
start, which negatively influences (braking) the contact 
point velocity along the path of contact and induces 
negative sliding on the driving gear flank. This fact is 
well known among experts and solutions are being sought 
for lowering friction. The most prospecting is effective 
hydro-dynamic lubrication preventing metal contact, 
which is accomplished by proper lubricant and even 
smoother surface. 
 
3. S-GEARS 
 
Gear tooth flank geometry change can improve micro-
pitting prevention [8]. A proposal in this context is the S-
gear shape as a non-involute solution, extensively 
reported in [12], [13], [14]. The S-gear shape is illustrated 
in Fig. 3. Dissimilar to the involute gears with the straight 
path of contact and straight teeth of the rack, the basic 
rack profile for S-gears is defined by a mathematical 
curve, y=f(x), thus any point Pi(xi,yi) can be calculated. 
Knowing y’ one can calculate the path of contact simply 
by yUi=yPi and xUi=yPi yPi’. 
This means that for any basic rack profile there exists 
only one path of contact. Nevertheless, arbitrary 
numbered gears derive from there. The lowest possible 
number of teeth is four whereas the rack can be treated as 
a gear with infinitive number of teeth. 
The rolling principle – the rack’s datum line rolls over the 
kinematic circle of the gear – is employed to define a gear 
tooth flank. So, any point of the gear flank Gi is cutted in 
the contact point Ui on the path of contact. The gear tooth 
flank is rotated so that the tangent of Gi corresponds to the 
tangent of the rack point Pi in the contact point Ui. If the 
rack and gear flank are pushed to the coordinate system 
origin in C, the rack is translated back for the distance 

 
 

Fig.2. Circumstances at the meshing start 
in involute gearings  
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UiPi. The angle of rotation is defined by an arc based on 
the kinematic circle of the gear of the same size.   

0/)( rxx PUOU +=ϕ  (1) 
The radius rU and ϕU of Ui on the path of contact are 
calculated through xUi, yUi and r0. Based on this we get: 

UOUG ϕϕϕ −=  (2) 
And the Cartesian coordinates of Gi are 
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Fig.3. Development of the S-gear tooth flank from the 

basic rack profile [15]  
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Fig.4. The S-rack 
 

3.1. The rack 
 

The basic rack profile is half-symmetric, with the point of 
symmetry in C, Fig. 4. If the S-rack is intended for cutting 
according to Maag shaping principle [16], [17], then it 
should be designed with proper cutting angles. All the 
other manufacturing principles can be also used, like 
Fellows rotational tool for inner gears or worm cutters. 
For illustration, Fig. 5a shows a Magg type shaper, 
whereas Fig. 5b shows a gear pair cutted by the above 
shaper. 
 

3.2. Curvature radii and flank pressure 
 

The curvature radii can be computed simply by Eq. (4): 

ss ∆
∆

=
→∆

α
ρ 0

lim1
 (4) 

 
 

 
 

Fig.5. Manufacturing of the S-gears 
a) Maag type cutter; b) the gears (16/24 teeth) 

 
where ∆α stands for the change of the direction angle and 
∆s for the increase of length of a curve. 
The radii are illustrated by an example of a gear pair 
having 10 and 30 teeth, Fig. 6. Dissimilar to the involute 
gears, in S-gears the change of direction of curvature can 
be observed. Namely, the flank shape becomes concave in 
the dedendum part of a gear. The concave part is rather 
small for low number of teeth and extends near the pitch 
circle for bigger number of teeth. Anyway, this assures 
convex-concave contact in the vicinity of meshing start 
and meshing end, since the dedendum of one gear meshes 
with the addendum of the other. Therefore, the contact 
circumstances in this critical area are improved.  
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Fig.6. Course of curvature of the S-gears (m=1 mm) 
 

The reduced radii of curvature, Eq. (5) essentially 
influence pressure to which contacting flanks are exposed. 
The individual radii should be summed for the convex 
contact and subtracted for the concave one. 
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Fig.7.Reduced radii of curvature for m=30 and gears 
with 10 and 30 teeth 
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Fig. 8 shows a course of the reduced radii of curvature, 
which essentially influence the contact pressure [18], 
along the path of contact. Both local maxima are due to 
maximal values and direction change of individual radii 
of curvature. Since the gear ratio shifts to higher speed, 
starting values of ρred are high which influences to 
lowering contact pressure. Towards meshing end point 
these values are comparatively smaller. Approximate 
values for the Hertzian stress, revealing reverse situation 
in comparison to ρred, are shown in the diagram, Fig. 8, 
where the influence of double meshing towards both ends 
can be observed. 
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Fig.8. Hertzian pressure for m=30 and gears 
with 10 and 30 teeth 

 
3.3. Oil film thickness 
 

An effective step, which prevents tooth flanks damages, is 
quality lubrication. And a measure of its quality is the 
minimal oil film thickness, which should be greater than 
average roughness Ra. The oil film thickness depends on 
contact speeds, Hertzian pressure, material properties, 
geometry and above all on viscosity [19], [20]. Fig. 9 
represents the course of the oil film thickness for the 
above example, where increase in thickness can be 
observed towards meshing ends, due to double meshing. 
The values are calculated employing Dowson’s and 
Higginson’s equation. 
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Fig.9. Oil film thickness for m=30 and gears 
with 10 and 30 teeth 

 
3.4. Addendum modification for S-gears 
 

The corresponding procedure is the same as in involute 
gears [21], which means that S-gear cutter rolls over the 
kinematic circle, shifted by a needed value, as Fig. 10 
indicates.  
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Fig.10. Addendum modification for S-gears 

The addendum modification is defined as shifting the 
midline of the basic rack profile from the pitch point for a 
desired modification value v, which also implies a higher 
addendum part and lower dedendum part of a gear. The 
basic rack datum line retains its position at the pitch point, 
whereas the higher position of the basic rack defines a 
new, modified path of contact. The path of contact 
becomes asymmetric due to modification. The path of 
contact does not depend on the reference circle size, 
which means that the new path of contact can be 
employed for arbitrary teeth numbered gears with the 
same modification value v. However, only gears of equal 
module and a gear with a positive v and its counterpart 
gear with a negative modification value -v can be 
combined because of the asymmetry. The negative 
modification value also modifies the gear tooth shape in 
such a way that a tooth becomes taller, whereas the 
positive modification makes teeth thicker and the tooth 
root strength higher, which can be important for low 
numbered teeth gears.  
 
4. VELOCITIES AND EFFICIENCY 
 

4.1. Velocity circumstances in vicinity of meshing 
start point 

 

Since the meshing start imposes rather radical thrust, and 
it has been explained how in manifests in the involute 
gears it is also important to show corresponding 
circumstances in the S-gears. Fig. 11 shows the situation, 
with the driving gear flank velocity vA1, the driven gear 
flank velocity vA2, both deriving from the tangential 
velocity vt, and the system velocity vs, which is the rolling 
velocity of the contact in the direction tangential to the 
path of contact. The differences of vectors vs and vA1 or 
vA2 are the relative velocities vr1 and vr2, which contribute 
to EHD lubrication essentially. In the involute case the 
edge of the driven gear thrusts into the flank of the 
driving gear before its tooth takes over full load, what 
increases wear of flanks. As already stated, the contact in 
S-gears at the meshing start is convex-concave. That is 
why in S-gears starting contact such a phenomenon does 
not occur.  
 

4.2. Share of sliding and rolling speed 
 

Fig. 3 reveals how the S-gear tooth flank arises, that is 
from the point P of the rack profile to the point U on the 
path of contact and therefrom by rotating around O1 the 
point G1 emerges and by rotating around O2 the point G2, 
where G1 stands for the driving and G2 for the driven 
gear. Fig. 12 illustrates contact density of the driving 
dedendum, designated by G1i’, and driven addendum, 
designated by G2i. It can be observed that the dedendum 
part is shorter, and even shorter due to the lesser number 
of teeth, and the addendum part longer, which indicates 
that the driving dedendum contact point density is higher 
than in the driven gear addendum. 
If both densities had been equal pure rolling would have 
resulted. The density difference therefore indicates 
amount of sliding of the partner with the longer 
intermediary path that is with lesser density. So, if we 
designate the path on the dedendum partner with s1i and 
the path on the addendum flank with s2i we can write 
formally 
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iii sss 12 −=∆ . (6) 
The smaller of two, s1i or  s2i, gives the value for pure 
rolling and the difference ∆si gives the value of sliding. 
Of course, the situation is reversed for the upper side, 
above C. 
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Fig.12. Density of the contact 
 

4.3. Specific sliding 
 

Specific sliding is defined as a quotient  

i

i
i s

s

1

∆
=γ . (7) 

meaning the ratio of sliding against rolling in an arbitrary 
contact point Ui. Fig. 13 illustrates the situation. Sliding 
of one flank on the other always means lost energy. An 
important attribute of the S-gears is that more power is 
transmitted from the driving to the driven gear by rolling 
and less by sliding, which is a comparative advantage. It 
is particularly important that greater part of energy is 
transmitted by rolling also in the vicinity of A. 
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Fig.13. Specific sliding 

A less favorable situation is in the involute gears, where 
contact loads are higher, as well as friction is. The 
involute sliding part is represented in Fig. 2 by the high 
sliding velocity vg, which is the difference of vtG1 and vtG2. 
 

4.4. Efficiency 
 

A common definition for efficiency is defined as the ratio 
of a output and input power. Losses of power in a gear 
train result from friction and the power of friction is a 
product of the friction force Ftr and the sliding velocity vg. 
Ftr is a product of the pressure force Fb and the coefficient 
of friction µtr. The sliding velocity is a product of the sum 
of angular velocities and the distance of a contact from 
the velocity pole C. 

lvg ⋅+= )( 21 ωω . (8) 
Fig. 14 illustrates values of the sliding velocity along the 
path of contact for the involute and S-gear case. It can be 
observed that the end distance l of S-gears is shorter than 
that of the involute one, so the sliding velocity maximum 
in S-gears is lower. Fig. 13 additionally reveals that more 
power in S-gears is transmitted by rolling and less by 
sliding, so friction tends to be lower. The consequence of 
above facts is that power losses in S-gears are lower. 
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Fig.14. Sliding velocities in involute and S-gears 
 
5. CONCLUSION 
 
Solutions for preventing or diminishing micro-pitting 
occurrence are in general searched for in the direction of 
better lubrication means, in high quality surface treatment 

A

B
C

D

E

driving gear

driven gear

Ft

FA

FD

contact 
surfaces

A
B

C

D

E

va1va2

vr2

vr1

vg

vt

                                                    

vA

Legend

A - contact starting point; v  - tangential velocity in C; v  - component of ; - pinion 
velocity in A; - sliding velocity between pinion and gear; 

t A v v  
v  - gear velocity in A; v  v  - 

velocity of A in the tangential direction on the path of contact; v  - rolling of the contact 
point A over the pinion flank; v  - rolling of the contact point A over the gear flank

t A1
A2 g s

r1
r2  

 

Fig.11. Velocity relations in a vicinity of the meshing start point A 
 



 

 26

(super-finishing), in the gear tooth flank profile change in 
meshing start area, and finally in better materials. This 
paper introduces the S-gear tooth flank profile, which 
assures higher comparative curvature radii, and thus lower 
contact load and higher relative velocities of the contact 
surfaces which implies better lubrication. The mating 
gears exhibit convex-concave contact in the vicinity of the 
contact start and contact end. 
Due to their S-shape, the velocity characteristics of 
mating gears are improved, especially in both external 
areas with high relative velocities and low sliding 
velocity. 
The meshing start zone in involute gears represents 
potential danger of micro-pitting, whereas S-gears exhibit 
advantage in this context due to the tick oil film in this 
area, which diminishes possibility of damage. The high 
relative velocities of the mating flanks and the convex-
concave contact in the vicinity of the meshing start point 
are decisive influencing factors. 
Another important feature of the S-gears is more evenly 
distributed contact point density, which causes lower 
sliding and less power losses. The dedendum flank of 
pinion is not substantially smaller as that of gear 
addendum even for low number of teeth. 
This is why authors believe this gear type can be a 
successful substitute for involute gears for diverse 
applications, as gear-boxes for wind power-plants on the 
large scale and miniature plastic gears for domestic 
appliances. 
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UPGRADING OF THE GEOMETRY  

OF GEAR COUPLINGS  
 

Sergey LAGUTIN 
Boris UTKIN 

Alexey KLOCHKOV 
 
Abstract: To improve the wear resistance of gear 
couplings it is proposed to execute a longitudinal line of 
the hub teeth close to the "natural modification” profile 
which the tooth takes during the wear process.  
It is shown that the equal strength of the cage and the hub 
teeth at their bases can be achieved by: (i) utilization of 
special gear-cutting tools with tangential modification of 
the basic rack and (ii) machining with standard cutters 
and hobs due the addendum modification. 
A grinding technique for the gear-cutting shaper outer 
cone that provides simultaneous processing of the bottom 
and both side surfaces of the internal tooth is developed 
Upgrading of the gear couplings geometry enhances its 
load carrying capacity by 25…30%. All of the proposed 
processing techniques and calculating algorithms are 
verified by EZTM manufacturing practice  
 
Key words: gear couplings, longitudinal, tangential and 
addendum modification. 
 
1. INTRODUCTION 
Gear couplings are used to connect shafts and compensate 
offsets between them. They consist of two shaft hubs with 
external teeth, which are connected by a cage (usually of 
two pieces) containing internal teeth. Their high torque 
capacity combines with low inertia of the drive system. 
Therefore they are widely used in engineering for high 
speed applications especially for connecting of shafts 
which operate with the distortions that are up to 1.5°[1,2].  
Gear spindles are gear couplings with intermediate shaft. 
They are used for large offsets of the connecting shafts, 
for example, to transmit rotation from gearbox to the 
working stand of rolling mill [3]. 
EZTM JSC (The Electrostal Heavy Engineering Works) 
is one of the main Russian producers of gear couplings 
and spindles for heavy industry. 
The normalized gear couplings series includes 19 sizes. 
Gear couplings sizes 1-8 are designed to transmit torques 
from 1 to 63 kNm. They are manufactured as commercial 
products in a specialized section. Technical specifications 

for their manufacture are regulated by Russian GOST R 
50895-96, which replaced the preceding GOST 5006-83 
and GOST 5006-55. EZTM JSC was actively involved in 
developing of all these standards.  
The large gear couplings from 9 to 19 numbers with a 
load capacity up to 1250 kNm, as well as gear spindles 
are manufactured under individual orders. They are used 
mainly in the drives of rolling mills and other machines 
within the nomenclature of the company. 
The reliability of connecting devices significantly affects 
the reliability of the machine as a whole. In this regard, 
EZTM JSC design and research department pays constant 
attention to improve their design [3, 4]. A number of 
original technical solutions are protected by inventor's 
certificates [5]. The research work was carried out in 
collaboration with the IMASH of RAS and other research 
institutions. A fundamental contribution to the methods of 
design and analysis of gear coupling devices was made by 
Prof. E.L. Airapetov and his colleagues [1, 2]. 
When designing the gear connections such geometrical 
parameters, materials and methods of hardening are laid, 
that at the given external loading conditions (torque, 
speed and distortion angles) ensure reliability of their 
operation based on the criteria of the failure of the teeth 
and the contact destruction of active surfaces. However, 
providing of these conditions does not exclude a gradual 
wear and a failure of gear connections, when their teeth 
reach a critical thickness. Research work to increase the 
service life of gear connections are constantly going on. 
 
2. CONVENTIAL PARAMETRS OF GEARING 
Gear coupling can be regarded as involute spur gear with 
internal teeth and the gear ratio u = 1. Tooth number z and 
module m are equal for both elements. The traditional 
coupling main dimensions are shown in Fig. 1. 

 

 

Fig.1. Conventional parameters of gear couplings. 

External teeth of the hub are cut by a worm hob with the 
standard parameters of the basic rack: pressure angle 
α=20°, an addendum ha1= m, a dedendum hf1=1.25 m.  
The cage teeth are performed with a short addendum 
ha2 = 0.8 m. On the one hand, it prevents the interference 
between cage teeth in machine meshing with a gear-
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cutting shaper. On the other hand, an increased radial 
clearance equal to Cr ≈ 0.45 m is required to compensate 
misalignment of the connection parts in the assembly.  
Pitch diameter of both parts is equal d = m z. 
The hub is centering in the cage on the tops of the teeth. 
The nominal values of the hub outside diameter and the 
cage root diameter are equal to each other. 

 da1= df2= m (z+2)     (1) 

The nominal values of the pitch thickness of the hub and 
the cage teeth were taken equal to: 

S1= S2= πm/2     (2)  

To compensate the misalignment of the shaft ends and the 
pitch errors it is necessary to provide the side backlash 
between the teeth, that is measured on common normal to 
the involute profile. According to EZTM norms, in the 
couplings with barrel-shaped teeth it is set to Cn = 0.12 m 
and is provided by mandatory thinning of cage teeth by 
the value of δn2 = 0.08 m, and the hub teeth by δn1 = 0.04  

3. TOOTH LONGITUDINAL MODIFICATION  
To prevent the damage of edge contact on the face of the 
hub its external teeth should be performed with a 
longitudinal modification or barrel-shaped. 
A conventional shape of longitudinal modification of the 
teeth is shown in Fig. 2.  

 
Fig.2. Conventional longitudinal modification. 

The outer surface of the hub teeth is performed as the 
sphere of radius Ra=da1/2. The side profile of the cage 
teeth in a section tangential to the pitch cylinder is made 
as a curve of constant curvature close to the arc of a circle 
of radius R. At the hub faces the deviation of modified 
tooth line from straight one is equal δ = b2/8R. The value 
of R has to take in account the pitch diameter, module, 
crown width and the designed angle of the axes distortion. 

Such a modification ensures that the hub teeth are cut 
with a variable shift of the base rack along the tooth 
length due to the longitudinal feed of the worm hob along 
a curve of radius Rc related to R by: 

Rc = R tan α,      (3) 

According to the EZTM norms for the toothed couplings 
it was appointed in the range Rc = (1.7…1.8) d. 
When operating a gear coupling with the axes distortion 
angle equal to ωа, the center of the bearing contact moves 
along the length of the tooth from one side to another and 
back again, away from the middle during each revolution 
to the distance of xa = R sinωa. 
It is known [1,3] that the shift of the contact to the crown 
face causes a significant increase in bending stresses at 
the teeth base, so reduction of xa by decreasing R is 
beneficial to the coupling operation. On the other hand, 
the decrease of R leads to an increase of the contact 
pressure between the teeth. Therefore, optimization of the 
radius R is a complex, multi criteria problem. 
Theoretical and experimental study of load distribution on 
the coupling teeth and along the each tooth showed that 
the maximum load along the tooth length occurs at a 
distance xa from the middle plane, and in this section it is 
minimal. Therefore, in the process of wear of the teeth 
their side surface changes the original form and acquires 
the profile of so-called "natural modification". 

 

 
Fig.3. Hub tooth with “natural” modification. 

This profile is symmetrical convex curve of variable 
curvature. In the middle the curvature radius is minimal 
and in the normal section must be equal to the curvature 
radius of the face involute profile in the pole of meshing: 

R0 = 0.5 m z sin α.    (4)  
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As it approaches the end faces, the curvature radius 
should increase and reach a maximum at a distance xa 
from the hub middle. Several options of the equations for 
the curves that satisfy this condition have been proposed. 
In particular, in [4] it was described by the equation:  
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that provides a zero curvature at the points of imposed 
maximum load at a given distortion angle ωa. 
In practice, this relation was approximated by a solution 
in which the base rack shift (trajectory of tool feed) is 
outlined by three arcs of circles (Fig. 3).  
The central part of this line is described by the radius 

R1= R0 sin α = 0.5 m z sin2 α     (6) 

The width of this section is the following: 

a= 2 R0 sin ωa. = 2 R1 sin ω.    (7) 

Outside this section the line of the base rack shift 
smoothly transforms into two arcs of radius R2=10R1. 
More details on the teeth longitudinal modifications are 
considered in [4] hereto. 

4. TOOTH TANGENTIAL MODIFICATION  
The main criterion for determining the load capacity of 
gear coupling is a bending strength of the teeth, which in 
turn depends on the bending stresses in the critical section 
at the base of the tooth. 
In a traditional coupling design (Fig. 1) the hub tooth 
thickness Sf1 in this section is essentially smaller than the 
thickness of the cage tooth Sf2. Accordingly, the bending 
strength of the hub teeth is less than the cage teeth.  
The maximum bending stress at the base of the hub tooth 
σFmax is calculated by the empirical formula [3]: 

σFmax= 6 kc kb P/ Sl1
2    (8) 

where P is a peripheral force, kc and kb are the factors of 
the stress concentration and location of the applied load.  
Hence, the coupling load capacity, i.e. the value of the 
permissible transmitted torque is proportional to Sl1

2, 
other things being the same. 
So due to equalizing the strength of hub and cage teeth 
the coupling load capacity can be significantly improved. 
In the 90-th, the theoretical and experimental studies on 
the development of the couplings with the teeth of equal 
strength were held at the EZTM JSC. The effect of the 
equal strength has been achieved by the tangential 
modification of the basic rack (Fig. 4). 
On retention all the diameters of gears the hub tooth pitch 
thickness S1 was calculated from the condition that 
Sl1 = Sf2. Depending on the teeth number it was increased 
by the value ∆S = (0.22…0.25) m. The cage teeth pitch 
thickness S2 was reduced by the same value. Thus, the 
thickness of Sl1 was increased by 10 -12%. 
This solution was protected by RF patent № 1598563. It 
formed the basis of Russian GOST R 50895-96, and when 
combined with a number of other solutions allowed a 
50% increase of the load capacity in comparison with the 
couplings, produced before according to GOST 5006-83. 
During the application in manufacturing, the tangential 
modification required the development and production of 

special cutting tools: hobs with thinned teeth for cutting 
the outer hub teeth and broaches with thickened teeth for 
internal cage tooth. 
 

 
Fig.4. Tooth tangential modification 

For the first eight sizes of serially produced couplings 
with small modules (m = 2.5…4), this solution was 
economically feasible because the cost of the scheduled 
tool replacement paid off quickly.  
 
5. TOOTH ADDENDUM MODIFICATION 

Large couplings with modules of m = 6…14 are produced 
individually. In this case, the hub teeth should be cut by 
standard worm hobs with the tooth pitch thickness 
S0 = 0.5 π m and the tooth addendum ha0 ≥ 1.25m. 
The desired thickening of the hub teeth may be achieved 
with addendum modification, i.e. with the displacement 
of the tool at a distance xm from the machining hub axis. 
The main proportions of the teeth in the middle section of 
the modified couplings are shown in Figure 5. 
The cage teeth depth retained the same as previously: 

 h2 = ha2 + ha1 = 1.8 m     (9) 

The radial clearance near the bottom of the cage teeth is 
reduced to a value of Cr = 0.3 m. It is sufficient under the 
condition of the simultaneous barrel-shaped modification 
and allows reduction of the tooth addendum to a value of 
ha1= 0.85 m and the full depth of the hub tooth to a value 
of h1 = ha1+ ha0 = 2.1 m.  
On the pitch circle with a diameter d = m z the estimated 
thicknesses of the teeth are defined as: 

S1= m (0.5π +2x tan α),  S2= π m – S1– Ct,  (10) 

where Ct= Cn/cosα is a minimum side backlash. 
The measuring thickness chords Sy1 and Sy2 are set on a 
circle of diameter dy = m (z + 2x) and are calculated by 
conventional methods adopted for involute gearing.  
The same methods determine the thickness Sl1of the hub 
tooth in a critical section on the diameter da2 and the 
thickness Sf2 of the cage tooth base on the diameter df2.  
The cage internal teeth are cut with standard gear-cutting 
shaper. To improve the gear shaping accuracy and 
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productivity the shaper outer cone is rounded so that in 
the final position the shaper is machining the bottom and 
the both sides of the internal tooth simultaneously. 
 

 
 

Fig.5. Tooth addendum modification 

The shaper parameters, such as: the teeth number of z0, 
addendum factor x0, base diameter db0 and outer diameter 
da0 should be related to the parameters of a cut cage by 
equation: 
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Hence, the diameter da0 can be found for a given factor x, 
as well as the value of x can be defined for the selected da0  
When choosing the factor x it is necessary to consider 
also the following technological restrictions. 
(i) After rounding of the outer diameter the shaper tooth 
depth should be at least 2 m 
(ii) The shaper of the same diameter da0 should be used for 
cages of the same module with different teeth numbers. 
 (iii) The radius of the fillet between the inner circle and 
involute profile of the cage tooth shall not exceed 0.1 m. 
In view of these constraints for the couplings with the 
numbers of teeth in the range of z = 46...68 the estimated 
value of addendum modification factor is determined 
within a range of x = (0.44...0.7). For such values of x the 
thickness Sl1 of the critical section of the hub tooth 
increases from (1.9...2) to (2.1...2.14) of module. 
During the revising of the coupling standard series, when 
necessary, the tooth module was also increased.  
For example, the largest EZTM JSC coupling No 19 had 
parameters: z = 80, m = 12, x = 0. When modifying, they 
were replaced by m= 14, z= 68, x= 0.7. As a result the 
permissible transmitted torque for this coupling was 
increased from 1000 to 1250 kNm.  
 
6. CONCLUSION  
1. The wear resistance of gear couplings increased by the 
hub teeth longitudinal modifying close to the "natural 
modification" that the teeth get in the process of wear. 

2. To ensure the equal strength of the hub and the cage the 
thickness of the teeth at their bases should be equalized. 
3. For mass-produced couplings with the small modules, 
this effect is achieved by tangential modification of the 
basic rack, provided manufacturing of special tools. 
4. For individually produced large couplings a similar 
effect is achieved by addendum modification of the teeth. 
In this case, the hub teeth are cut by standard worm hobs 
and cage teeth by gear cutting shapers.   
5. A technique of grinding the standard shaper outer cone, 
which provides simultaneous processing of the bottom 
and both side surfaces of the cage tooth, is developed.  
6. Upgrading geometry of the gear couplings enhances 
their load carrying capacity by 25...30%. 
7. Further increasing of load capacity and wear resistance 
can be achieved by induction-hardening of the teeth 
surfaces or by ion nitrating.  
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Abstract: Worm gearing has very wide use in power 
transmission in movement and the correct work of the 
complete machine system depends on it. Latest research 
in this area shows that there may be a large number of 
limited states in its work which are identified on the basis 
of the state of working surface. This paper considers these 
limited states and gives a critique of load capacity 
calculation. 
 
Key words: worm gear, load capacity, limited state  
 
 
1. INTRODUCTION 
 
Worm gears have very wide use in transmission gear and 
movement because they have several advantages in 
comparison to other types of gears. The basic 
characteristics of worm gears are: 

 Possibility of achieving huge gear ratio of one worm 
gear pair. If revolution is reduced, gear ratio is in 

705 ≤≤ u  (for small power it is possible to achieve 
gear ratio of up to 1000≤u ).  

 Considerably smaller internal dynamic forces and 
sound, by absorbing vibrations. 

 Efficiency of worm gearing is relatively high because 
of huge sliding between sides in contact of gear and 
worm gear. 

 They can be produced as self-stopping transmission 
gearing, which enables them to have a wide use. 

 Power input and output are possible on the both sides 
of a worm transmission gear. 

 
2. LIMITED STATES OF WORM GEARS 
 
In modern construction solutions it is common to use 
worm gear made of tin bronze and worm made of 
hardened and whetted steel (Fig. 1). Worm gears have 
following limited states:  

 Destruction of tooth side under pitting, 
 Tooth side wear, 
 Tooth breakage, 
 Worming, mining changing temperature stability of 
gear transmission, 

 Scuffing, 
 Bending of worm shaft. 

 

 
Fig.1. Standard worm gear 

 
 

2.1. Pitting 
 

Pitting is actually the destruction of tooth surface (shaped 
like small holes and dimples, Fig. 2) as an effect of huge 
surface pressures and dynamic stress wear.   
 

 
Fig.2. Damage of tooth surface with pitting [1] 

 
We can see the difference between the initial and advance 
stage of pitting. The initial stage of pitting is the effect of 
the first phase of working of transmission gears. It has a 
positive effect because it leads to equal load distribution 
of stress and better contact pattern. When working 
conditions are unchanged, this type of pitting is smaller 
during a period of time, that is, the damaging process is 
digressive. Medium and highly loaded worm gear pairs 
can be attacked by advance pitting and it is a huge 
problem. This pitting has progressive character, so that 
destroyed surfaces (Fig. 2) are larger and at the same time 
the contact pattern is smaller. The effect is a continuous 
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spreading of damaged surface and change in the shape of 
tooth surface. This leads to sudden tooth surface wear, 
and then tooth breakage. 
While maintaining the working capability of worm gear 
as limited destruction, it is taken that the destruction is 
30-50% of tooth surface due to pitting (Fig. 2). In that 
case, the correct work of transmission gear is no longer 
possible. 

The process of pitting develops in 4 phases: 
 dynamic stress wearing;  
 beginning of initial crack;  
 crack largening;  
 destruction of tooth surface or pitting. 

The following can occur as possible causes of pitting: 
 existence of hard bodies (contaminants) in oil; 
 micro welding of tooth surface tips of prominence in 
contact;  

 cavitations;  
 tense forces between oil and metal in the period of 
sudden unload of pressured surfaces;  

 chemical activity / load-crack-corrosion; 
 abstracting acid  from lubricant. 

 
2.2. Tooth surface wear 

 

During the period of wearing mining continually wearing 
material tooth width is smaller. In the first phase, wearing 
has a positive effect because it leads to rubbing of 
material and accommodation between shapes of tooth 
surfaces and later stopping any further wear. However, in 
the cases of huge intensity rubbing, wearing resistance 
can be a criterion of working period. Wearing basically 
depends on working criteria. Changing of shaft rotation 
conditions and regime of work, as well as terming off and 
on transmission gear, lead to increased effect of wearing 
(Fig. 3). Using hard and quality worm tooth sides (Case 
carburising, whetting, polishing) can result in decreased 
wearing.  
 

 
 

Fig.3. Wear damage of tooth surface [11] 
 

Wearing depends on lubricants as well. When using 
mineral oils, oil viscosity has an important effect on 
wearing. Oils with smaller viscosity result in larger 
wearing in comparison to oils with huge viscosity, so it 

can be said that there is a proportional relation between 
intensity of wearing and ISO-VG class. 
 

2.3. Tooth breakage 
 

Worm gear pairs have dangerous working loads only in 
tooth root of worm gear, considering that they are less 
resistant and less durable in comparison to worm teeth. In 
the root tooth of a worm gear, there is a complicated load, 
and the dominant stresses are shear and bending. 
Worm gear tooth breakage is very rare. Most often causes 
are striking overloads when loads appear that are larger 
than the static strength of material. Wear is also a 
considerable effect that causes tooth breakage, and 
wearing diminishes its cross-section. Monitoring of 
working capability in comparison to tooth breakage is 
important in due course, and observing critical width of 
wear layer which prevents appearance of cracks on tooth. 
 

  

 

Fig.4. Scuffing at worm of through hardened steel and at 
wheel of globular cast iron [3] 

 

2.4. Thermal stability 
 

Due to sliding between sides of worm and worm gear in 
contact considerable energy is transformed in heat which 
is radiated into the atmosphere over housing. If radiated 
heat is smaller than the energy which is transformed into 
the heat, work temperature increases and normal work 
regime is interrupted. This at first causes changes of 
lubricant characteristics which result in the destruction of 
teeth and damage of seals. Therefore, it is necessary to 
check temperature stability of gear transmission. 
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Temperature stability is achieved if energy transferred to 
heat is equal to radiated energy. While monitoring of 
working correctness this is checked using measured 
regulation technique of temperature stability control 
 

2.5. Scuffing 
 

Scuffing appears as an effect of local overload of tooth 
side or inefficient lubrication meaning lubricating with oil 
with non-becomingly lubricated characteristics and 
mostly in conditions of huge sliding velocity between 
tooth sides in contact. Hardened tooth side of worm with 
inadequate picture of caring mining interrupted geometry 
between sides in touch are also condition lead to 
destruction due to scuffing. Typical shapes of destruction 
due to scuffing are shown in Fig. 4. If there is destruction 
due to scuffing and combination of material steel/cast iron 
this process leads to total destruction and it cannot be 
stopped. However, destruction due to scuffing can be 
stopped after short time using the combination of material 
steel/bronze and it can lead to uninterrupted running.   

2.6. Bending of worm shaft 
Worm shaft is loaded by radial, axial and tangential force, 
which leads to considerable bending of shaft, considering 
relatively large distance between bearings. Due to 
bending, deflection of shaft appears which can lead to 
interference in contact. Tangential force depends on 
friction on the teeth sides, so in cases of insufficient 
lubricating friction force grows which has for effect 
considerable deflection of worm shaft. In conditions of 
changing loads and revolution per minute this can lead to 
smaller contact between tooth sides and local overload of 
same, and the effect can be deflection of worm shaft.  
Monitoring of work correctness is based on control of 
contact line between tooth surface and monitoring of 
transmission gear thermal stability. 
 
3. RELATION BETWEEN LIMITED STATES 
 
There is mutual relation between certain worm 
transmission gears. For example, the development of 
pitting can be stopped by increased wearing of tooth 
sides. If there is critical wearing at worm gear pair than 
pitting has a secondary mining. But if critical damage is 
caused by pitting than wearing is not an important 
criterion for calculation. 
There is a mutual dependency between wearing and tooth 
breaking in root. Wearing diminishes width of worm gear 
tooth, which should be taken in consideration while 
maintaining work ability in comparison to tooth breakage 
in root. 
 

3.1. Wearing and pitting process 
 

Fig. 5 shows wearing and pitting process by synthetic oils 
as lubricants in the period of time where we can see three 
phases. 

 Phase I – phase of initial pitting. In this phase until 
number of load circles is NLI small initial damage 
appears from pitting and there is almost no wearing. 

 Phase II – phase of developed pitting. In this phase 
damage caused by pitting increases almost linearly. At 
the end of this phase after number of circles is NLII 
(NLII = 3....5 × NLI) pitting intensity is maximal. 
Wearing in this phase in minor. 

 Phase III – phase of wearing. In this phase we have 
sudden increase of wearing and in the same time 
reduction of pitting size. By increasing the load 
surface tooth side wearing size is smaller and in 
further work period it is almost constant. Surface 
destroyed by pitting becomes smaller at approximately 
AP10red = 3....30  %, whole amount of worn material 
from tooth sides for both types destruction is almost 
constant. 

 
Fig.5. Trend of wearing and pitting process 

 
Most common load limitations of worm transmission 
gears are connected to pitting and wearing of tooth sides 
of worm gear. Phases of developing destruction point 
shows that they are mutually dependent. 
 

3.2. Contact pattern and load capacity 
Lubrication between tooth flanks and contact pattern have 
a decisive influence on lifetime of worm gears. During the 
work the slight wear of tooth flanks of worm gear occurs. 
Wear zone is the contact pattern. Contact pattern has a 
huge impact on the successful fulfilment of work 
functions, efficiency and lifetime of transmissions. 
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Fig.7. Relationship between wear and contact pattern [4] 

During run-in period, there is only a partial contact (Fig. 
6), which leads to intense wear of tooth flanks. When the 
full contact pattern is achived, Hertzian surface pressures 
are reduced so then the steady state operation occurs, 
followed by minimal wear due to mixed friction. 

Experimental studies show that there is direct dependence 
between the contact pattern, load and wear (Fig. 7). 
Minimal wear corresponds to full contact pattern and 
moderate loads. Decrease of contact pattern leads to 
increase of wear. 
 
4. LOAD CAPACITY OF WORM GEARS 
 
Initial work on the coupling worm pairs were made by 
Stribeck [6] and Erbst [7]. Notable research in this area 
was conducted by Niemann, Weber and Maushake [8] 
also. Calculations of geometry and contact lines are given 
in the works of Wilkesmann [9] and Predki [10]. They 
give an accurate analytical procedure for determining the 
equivalent radius of curvature. 
Calculation of load capacity of worm pairs is today based 
on DIN 3996 [5], where dimensionless physical 
characteristic values are defined. These characteristic 
values mainly depend on the geometry of the gearing and 
cannot be measured directly. They are characteristic value 
for mean Hertzian pressure pm*, mean lubricant gap 
thickness h* and mean sliding path s*. Characteristic 
value pm* and h* have defined by Predki [10], and s* by 
Neupert [11]. Such defined parameters are part of DIN 
3996 [5] and allow not only the calculation of load 
capacity and efficiency, but also a direct comparison of 
different worm gear geometry. 
 

According to DIN 3996 [5], the ratio between critical σHkr 
and mean surface pressure σHm represents a safety factor 
for surface durability (pitting): 

1min =≥= H
Hm

Hkr
H SS

σ
σ

   (1) 

The safety factor wear SW is calculated from the wear rate 
limit δWlimn and wear rate in normal section δWn according 
to Equation (2). 

1,1lim
lim =≥= W
Wn

nW
W SS

δ
δ

 (2) 

The wear resistance characteristic of worm gear in 
function of time is essential for the calculation of load 
capacity. The wear rate δWn is the result of product of 
wear intensity JW and wear distance swm. 

WmWWn sJ ⋅=δ  
 

Boundary value for flank-removal δW lim n can be 
determined on different approaches. The wear limits can 
be defined by the geometric boundaries and by 
experiment determined boundaries.  
According to DIN 3996 [5] one of the criteria is to avoid 
the appearance of a pointed tip tooth. In this case is given 
a boundary value of pointed tip tooth for wear. Limit wear 
in the normal section δW lim n must not exceed the 
thickness of the tooth in the normal section. 
Safety for tooth root stress SF is calculated according to 
(3): 

1,1lim =≥= F
F

Fkr
F SS

τ
τ

   (3) 

Where: 
τFkr - Boundary value of shear stress at tooth root (N/mm²) 
τF - Shear stress 
 
Table 1. Transmission gear data 
Geometrical size Values 
Central distance  a  [mm] 100 (63,160, 315) 
Transmission ratio  i 20,5 (10, 30, 40) 
Modul   m   [mm] 4 (2.5, 6.3, 12.5) 
Diameter quotient   q 9 (10.6,  
Number of  teeth  z1 2 (1, 4) 
Number of  teeth  z2 41 (30) 
Wheel material CuSn12-C-GZ 
Worm material 16MnCr5 
Speed     [min-1] 200 – 2000  

Synthetic oil (Polyglykol) ν40 = 460 mm2/s; 
ν100  = 82 mm2/s 
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Fig.8. Comparison of worm gear load capacity for 
difference values of input speed n1 

 
Ratio between the critical and work shear stress at tooth 
root is for worm gear safety for tooth root stress: 
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1,1lim =≥= F
F

Fkr
F SS

τ
τ

   (3) 

Temperature safety ST is calculated according to (4): 

1,1lim
lim =≥= S
S

S
F SS

ϑ
ϑ

   (4) 

where 
ϑSlim - Boundary value of oil temperature 
ϑS – Oil temperature  
 
Analysis of worm gear load capacity is made for family of 
gear drives with characteristics given in Table 1. 
Calculation of load capacity for worm gear according to 
DIN 3996 [5] is done through 4 criteria: 

 surface durability (pitting); 
 tooth surface wear; 
 tooth breakage and 
 temperature stability of gear transmission. 
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Fig.9. Comparison of worm gear load capacity for 
difference values of transmission ratio i 

 
The calculation was performed for various numbers of 
input speed, gear ratio and the center distance. For each 
calculation the maximum output torque T2max was 
obtained for the required safety. Calculation results of 
load capacity are shown in Figures 8, 9 and 10. 
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Fig.10. Comparison of worm gear load capacity for 
difference values of central distance a 

 
Balanced load capacity is calculated for the selected gear 
drive (a = 100 mm, i = 20.5) with different input speed n1 

= 200 ... 2000 min-1 (Fig. 8). This is the optimal case, 
which should be used in practical construction solutions. 
Load capacity for variation of gear ratio i for constant 
values of center distance and input speed (a = 100 mm; 
n1 = 1000 min-1) is limited by safety for surface pressure 
on flank (pitting) (Fig. 9). Other criteria have balanced 
values.  
In case of change of center distance variation and for 
constant value of gear ratio and the input speed (i = 20.5; 
n1 = 1000 min-1). Maximal load capacity is limited by 
pitting and sump temperatures (Fig. 10). 
 
5. CONCLUSION 
 
Based on this display we can draw the following 
conclusions: 

1. Conducted analysis of limited states show that most 
common load limitations of worm gear pair are 
connected to pitting and tooth side wearing of worm 
gear. It should be taken in consideration mutual 
dependents between certain types of destruction and 
conditions of exploitations. 

2. Load capacity and efficiency of worm gear mainly 
depends on contact pattern of the tooth flanks. 
Selecting the optimal contact pattern reduce wear and 
increase efficiency. 

3. Shown boundaries of load capacity have for a goal to 
define the structural solutions of optimal load capacity 
of worm gear. Conducted calculation analysis of 
worm gear load capacity selected for different criteria 
shows that it is possible to obtain a uniform load on all 
criteria by appropriate selection of the most influential 
parameters. 
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PREDICTION OF CRACK INITIATION IN 
SPUR GEAR CONTACT ZONE 
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Abstract: The objective of this paper is to give a new 
viewpoint in contact fatigue prediction in the case of 
high-cycle fatigue. The presented research is based on 
up-to-date methods and multidisciplinary approach, and 
enables direct calculation of fatigue crack initiation in 
contact zones.   
Two methods are built in the new methodology: the 
Theory of Critical Distances (TCD) and the Finite 
Element Method (FEM). One particular contact problem - 
contact on spur gear tooth flanks is analyzed for 
confirmation of the methodology. 
 
Key words: gears, contact, fatigue, Finite Element 
Analysis, Theory of Critical Distances 
 
 
1. INTRODUCTION 
 
Many mechanical devices couldn’t operate without 
contact between parts. It is particularly important to 
predict the failures which occur at contact zones. The 
basic stress analysis of contact is problematic, being 
strongly affected by factors which are difficult to 
estimate, [1]. Cracking is a common feature of contact-
related failures, suggesting the use of fracture mechanics 
in their solution. 
High-cycle contact fatigue crack initiation is a localized 
phenomenon that occurs in highly stressed grains of the 
material on or under the contact region. Its prediction is of 
importance in engineering applications where specific 
contact loads appear (e.g. gears, rolling bearings and rail–
wheels systems). The fatigue is a material characteristic 
process that depends of many factors. The most frequent 
causes of failure are defects such as pores or cracks 
introduced during manufacturing. But, an inadequate 
design, or approximations in calculations of stresses in 
contact zone as stress raiser, cause high local stresses and 
significantly contribute to failures. One of the key points 
in failure analysis is the ability to make accurate 

predictions of the strength and fracture of mechanical 
devices in complex load conditions.  
More of hundred years, engineers and scientists 
investigate contact fatigue, but in recent years this 
phenomenon is still in focus. Only multidisciplinary 
investigations could bring solution. Material and 
mechanics scientists and mechanical engineers have to 
work together to create procedure for contact fatigue 
prediction. Only investigations of material characteristics 
and material behaviour in real load cases simultaneously 
with calculations of real load distribution and stresses in 
contact zones of machine parts and assemblies, could step 
forward in this problem. This is the goal of the 
multidisciplinary investigation of contact fatigue 
prediction described in this paper. A new 
multidisciplinary methodology for load capacity 
calculation in the case of high-cycle fatigue will be 
presented. The improvement of pitting load capacity 
calculation of involute gears is the ultimate goal of 
developing of this new approach of crack initiation 
prediction in contact zones. 
 
2. THE NEW METHODOLOGY FOR 

PREDICTION OF CRACK INITIATION IN 
GEAR CONTACT ZONE  

 
Few decades ago, load capacity calculations of machine 
parts and constructions were based on huge number of 
empirical formulae, tables and graphs, [2]. Constructions 
with requirements of high integrity, calculated by those 
empirical procedures, lead to over dimensioning and 
miscalculations. A very rich, but also in some way 
confusing, literature about those standard calculation 
procedures is still developing. The algorithm of standard 
methodology for prediction of crack initiation and crack 
growing for gears is shown in fig.1 and includes standard 
analytical methods for gear load capacity calculation in 
combination with basic principles of linear elastic fracture 
mechanics (LEFM). Both of standard methods, gear load 
capacity calculation and LEFM for crack growing 
prediction, will be discussed and chanced with new 
methods. The result is the new methodology for crack 
initiation prediction for gears, shown with algorithm in 
fig.2. 
 

2.1. Contact stress calculation 
 

Contact between parts is a common phenomenon which 
can be treated with rigorous mathematical theory. 
Formulae for special cases can be found in machine 
design books and papers, [1, 2, 3], e.g. two spheres, two 
parallel cylinders, cylinders on a flat plane, gear teeth, 
roller bearings etc. However, these theories only describe 
the stress in contact region and take into consideration 
many assumptions and simplifications. Often, engineering 
problems include requirements for determination of 
stresses away from the contact zone, so the contact 
behaviour must be modelled properly to find the 
important stresses in the system. Calculation of gear load 
capacity is one of these cases. Proper computation of 
forces and deformations in the contact zone is crucial in 
determining  
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Fig.1. Standard methodology for prediction of crack 
initiation and crack growing for gears 

 
the stress results throughout the model, i.e. in teeth’s 
roots, flanks and bodies. 
Despite this, in the recent years, almost all authors have 
been used the Hertz analytical solutions for simple cases 
of contact, [3], as start point in gear contact stress 
calculation, [4, 5]. Hertz developed the theory to describe 
the pressure distribution on a curved interface between 
two bodies. The Hertz’s solution for two cylinders in 
contact is used for standard stress calculation of meshing 
teeth in contact zones. Some authors in their new article, 
[4], still used Hertz theory and only analytical approach 
for new standpoint in pitting load capacity calculation of 
spur and helical gears with undercut at the pinion root.  
But, Hertz’s solution is not suitable for all design 
circumstances, especially when precise calculations are 
required in order to minimize the size and weigh of gears 
for a particular application. Complex gears geometry and 
gear tooth contact with specific high-cycle load character, 
require accurate and reliable solving of gear teeth stresses. 
Only numerical iteration methods can give such solution. 
Finite Element Method (FEM) has proven to be the most 
convenient approach to investigating the gear teeth 
contact and the associated stress and strain characteristics 
under a range of loading conditions, [5–8]. The FEM 
possibilities on structural analysis are described in [6] 
through developing of 3D gear model for non-involute 
gear calculations. The similar FEM model for involute 
gear pair is developed, [9–14], and used in this paper. 

The new methodology for crack initiation prediction in 
contact zones of spur gears described in this paper, fig.2, 
used nonlinear contact analysis, [10], and iteration 
method for calculation of contact stresses as function of 
real contact geometry, nominal load value and real load 
distribution along line of path of contact and line of teeth 
pair contact, [14]. 
 

2.2. Crack initiation prediction 
 

The fracture mechanics made great advances in the 1960s 
and 1970s with the development of the key parameters 
which allowed engineers to quantify the phenomena of 
brittle fracture and fatigue crack propagation. Thanks to 
these theoretical advances it became possible to predict 
failure loads and times, at least when the conditions for 
linear elastic fracture mechanics (LEFM) were met, [15] 
The 1980s saw further advances, especially in our 
appreciation of the underlying mechanisms of crack 
growth at the microscopic scale. Since then, the efforts of 
scientist were focused to find general rule or methodology 
applicable to any geometry of notch or stress raiser as 
well as to crack initiation criteria which will enable more 
accurate calculations. 
 

 
 

Fig.2. New methodology for crack initiation prediction 
for gears 

 
One combined method for crack growing prediction that 
is widely used in contemporary research is FEA with 
singularity elements which simulate crack tips, [7]. This 
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method could be successfully used for analysis of gear 
fractures, but only when predicted crack position is 
modelled, and could not be used for crack initiation 
prediction. Also, there are some researches that are focus 
on application of new methods as contact fatigue 
initiation criterion. Such method is the critical plane 
approach for the general contact problem – a new 
computational model for the determination of critical 
loading cycles and positions of fatigue crack initiation. Its 
application to spur gears already exists, [16]. 
Despite this, there is no commonly accepted set of 
standard methods for predicting the effect of contact 
stress raisers. The scientific community has not decided 
which method are most suitable, and under which 
circumstances. But, it seems that the problem will be 
solved with the appearance of basic principles of the 
Theory of Critical Distances (TCD), [17, 18].  
The new methodology presented in this paper for crack 
initiation prediction in contact zones of spur gears 
described in this paper, fig.2, joints the TCD point theory 
to gear fatigue capacity calculation. 
 
3. CONTACT PROBLEMS IN FEM 
 
One of the key objectives in presented research has been 
to develop a comprehensive finite element model of 
meshed gears, which can be used to analyze actual contact 
deformations of meshed teeth, to monitor tooth flank 
deformations and stress, and tooth root deformations and 
stress at the same time. The ultimate aim of this research 
and the developed FEM model is to analyze and quantify 
the influence of the nominal load value on the gear flank 
and gear root load capacity. 
Some theory reference, [19], discuss the capabilities and 
procedures of using finite elements to model contact 
problems, but do not give the details needed for creating 
and solving such a model. While real contact behaviour is 
modelled, numerous decisions must be made. In many 
cases, it may be possible to use constraints to capture 
some of the contact problem behaviours and treated 
contact problem as a linear condition. But, often it isn't 
sufficient and a contact must be modelled with contact 
finite elements and treated as nonlinear problem. During 
developing of gear finite element analysis authors must 
solved a lot of problems in order to obtain sufficiently 
economic and precise model in accordance with all 
defined targets. 
Contact problems are highly nonlinear and require 
significant computer resources to solve. The FEM treats a 
contact problem as a part of the general problem of 
bodies' movement in space and their interaction. The 
problem of this type can be understood as two bodies in 
contact because of the action of external forces. One of 
these bodies is defined as a contactor body, the other as a 
target body. The choosing of contact body is simple when 
the Finite Element Method examines a rigid-to-flexible 
body contact. But in the case of flexible-to-flexible body 
contact, the FEM procedure is complex and requires 
excellent knowledge of the character of contact which is 
to be analyzed. When the bodies are in contact, contact 
forces appear. These forces prevent mutual penetration of 
bodies and provoke deformations in contact areas.  

For the purpose of meshed gears modelling ANSYS 11.0 
commercial software are used. This software has excellent 
capabilities for geometry precise modelling and nonlinear 
analysis when two deformable bodies are in contact. FEM 
supports three types of contact models: point-to-point, 
point-to-surface, and surface-to-surface. Each type of 
model is appropriate for specific types of problems. The 
point-to-surface contact model has been chosen for 
contact modelling of gear teeth in mesh. 
Point-to-surface contact model is represented by 
following the positions of points on one surface (the 
contact surface) relative to lines or areas of another 
surface (the target surface). The program uses contact 
elements to track the relative positions of the two 
surfaces. These elements are not compatible with higher-
order solid elements because the mid-side nodes of the 
quadratic elements are not used for the contact faces. 
Therefore, the finite element type chosen for 3D FEM 
gear pair model developing is 3D isoparametric structural 
solid element defined by eight points. First, the areas 
where contact might occur during the deformation of 
model have been identified and then contact elements are 
defined. For most efficient solution smaller localized 
contact zones have been defined, thereby the chosen 
zones are adequate to capture all necessary contact. 
For point-to-surface contact elements, there are two 
different ways to approach contact – the penalty method 
alone or a Lagrange multiplier added to the penalty 
method, [19]. The penalty method uses a contact “spring” 
to establish a relationship between two contact surfaces 
with the spring stiffness called the contact stiffness. The 
penalty method modifies the present stiffness matrix by 
adding large terms to prevent too much penetration, while 
the Lagrange method is an iterative series of penalty 
methods. The contact stresses are augmented during 
equilibrium iterations so that the final penetration is 
smaller than the allowable tolerance. Compared to the 
penalty method, the Lagrange method usually leads to 
better conditioning and is less sensitive to the magnitude 
of the contact stiffness. However, in some analyses, the 
augmented Lagrange method may require additional 
iterations, especially if the deformed mesh becomes too 
distorted.  
Some experienced analysts feel that “better” contact 
performance and results may be found when the penalty 
formulation alone is used, [15]. During involute gear 
finite element model developing, authors choose penalty 
method alone for teeth contact, and have obtained enough 
precise and at the same time economic model, [11]. For 
penalty method (mentioned above), the proper choice of 
the contact stiffness was critical. It should be large 
enough that it reasonably restrains the model from over-
penetration, yet it should not be so large that it causes ill-
conditioning. 
One more decision that must be made is select 
asymmetric or symmetric contact. Asymmetric contact 
has all contact elements on one surface and all target 
elements on the other surface. This is the most efficient 
way to model surface-to-surface contact. Under some 
circumstances, asymmetric contact does not perform 
satisfactorily, i.e. each surface to be both a target and a 
contact surface. That means generation of two sets of 
contact pairs between the contacting surfaces, known as 
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symmetric contact. Symmetric contact is less computer 
time efficient than asymmetric contact, but many analyses 
will require its use (typically to reduce penetration). 
Specific situations that require symmetric contact include 
models where the distinction between the contact and 
target surfaces is not clear and both surfaces have very 
coarse meshes. In accordance with this, symmetric 
contact is chosen for simulation of contact conditions on 
gears teeth. 
In this paper a particular real gear pair with high value of 
transmission ratio is used for developed methodology 
investigation. The main characteristics of the gear pair 
are: number of teeth z1=20, z2=96; standard tooth involute 
profile, addendum modification coefficients x1=0.3, 
x2=0.2; facewidth b=175 mm; module mn=24; pressure 
angle αn=20°; rotational wheel speed n2=4.1596 min-1; 
wheel torque T2=631.7 KN⋅m, [11]. Gears material is steel 
17CrNiMo7 with E = 206 000 N/mm2; ν =0.3, and 
mechanical characteristics taken from literature, [24], and 
given in table 1.  
 
Table 1. Steel 17CrNiMo7 characteristics 
 

Rp02 (MPa) Rm 
(MPa) 

∆σo 
(MPa) 

∆Kth 
(MPa√m) 

1021 1366 612 18 

 
In accordance with appropriate investigations, [11], 
expected maximum contact stress point on path of contact 
is point B – point of passing from period with two tooth 
pairs in contact to single meshed tooth pair period. 
Therefore, 3D FEM tooth contact model is developed for 
contact in point B and for single meshed tooth pair period, 
fig.3. In order to obtained 3D FEM gear pair model for 
efficiency monitoring contact stresses along the facewidth, 
the 2D model is sweeped (copied in normal direction along 
the length equal to gears facewidth), [9]. Fifteen sections 
(segments) along the gear facewidth in developed 3D FEM 
model give a possibility for very precise determination of 
stress state and load distribution along gear facewidth. Two 
symmetrical FEM models have been developed for the 
studied gear pair, one for determination of pinion 
deformation and stress state, fig.3, and similar one for 
determination of wheel deformation and stress state.  
The boundary conditions on 3D spur gear FEM model are 
defined by displacement constraints at the direction normal 
to the surfaces which separate the gear segment from the 
rest of gear body. Also, displacement constraints at the 
direction normal to the transverse plane are set at the nodes 
placed on gear rim border. The tooth elements of meshed 
gear (elements for external load transmission) also have 
displacement constraints at the direction normal to the load 
direction set at all nodes on tooth borders. In order to 
achieve statically stable models, the elements-teeth have 
displacement constraints at the direction normal to teeth 
transverse plane set at all nodes placed on teeth transverse 
planes. The external load is defined on the element-tooth 
by few concentrated forces at the path of contact direction 
set at nodes placed on the middle part of gear facewidth. 

 
 

Fig.3. FEM contact model for spur gear pair  
 
4. CONTACT PROBLEMS IN TCD 
 
The Theory of Critical Distances (TCD) is a recent 
method or group of methods for the prediction of failure 
on engineering components and structures with various 
types of stress raisers.  
Failure commonly occurs due to the initiation and growth 
of a crack, through mechanisms such as brittle fracture, 
fatigue and stress corrosion cracking. In these cases both 
the maximum stress and the stress gradient are important 
in determining whether failure will occur. Materials 
possess inherent length scales which are related (in 
complex ways) to their microstructure and modes of 
deformation and damage. The interaction between the 
length scale and the stress gradient determines whether 
crack will occur from a given feature. The major 
assumption is that any type of stress raiser could be 
considered in the same way, in particular that cracks are 
not a special case. This assumption is rather questionable, 
since different results can be obtained from a specimen 
containing a pre-crack induced by fatigue, and an 
otherwise identical specimen containing a sharp machined 
notch.  
The local stresses around a notch, or any other stress 
concentration like contact, can be represented in a simple 
form by a diagram of the stress as a function of distance 
from stress concentration raiser, fig.4. We will assume 
that the stress analysis is an elastic one, and that the 
maximum normal stress is drawn. Poor accuracy can be 
expected if prediction of fatigue life is based on the range 
of stress at the stress raiser (i.e., at a distance of zero in 
fig.4). The use of plastic strain range instead of stress 
range has the disadvantage that an elastic–plastic analysis 
must be performed (or approximated). In any case it will 
be still quite inaccurate for the prediction of high-cycle 
fatigue in features with high Kt - stress concentration 
factor, [19, 20]. This means that the first step in the 
application of critical distance methods is to use them 
explicitly, generating stress–distance diagram such as 
fig.4 and read the necessary stress values from FEA. 
The second step is calculating the value of the critical 
distance. The underlying theory was suggested by and 
validated against experimental data by Taylor, [17, 18, 
19]. Basically, it is essentially a combination of stress 
raiser fatigue and linear elastic fracture mechanics 
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Fig.4. Schematic explanation of TCD point method  
 

(LEFM) concepts. The assumption that the TCD point 
method and TCD line method are valid for all types of 
stress raisers, allows to define the stress–distance diagram 
at the fatigue limit for a cracked body, [15], for which the 
stress intensity range is equal to the threshold value for 
the material: ∆K = ∆Kth. The result is that the critical 
distance for the point method is L/2, [18, 19], where: 
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In this equation ∆σ0 is the fatigue limit of standard, 
unnotched specimens of the material, and ∆Kth is 
threshold stress intensity, given in table 1 for material of 
investigated gear pair. The fact is that is often difficult to 
define the accurate fatigue limit, the stress range 
corresponding to a given number of cycles. The range 
from 1 to 10 million is generally used for determination of 
fatigue limit. It has been demonstrated by comparison 
with experimental data [20] that the use of this value of 
∆σ0 for L gives good predictions in many different 
materials, [18]. 
More severe stresses and gradients arise as a result of slip 
that is sliding contact between bodies which experience 
friction at their interface. This creates significant 
tangential forces, which change abruptly at the edges of 
the slip zone. This leads to elastic singularities and 
damages. In practice, contact in machine parts almost 
always includes some element of friction and sliding. The 
variation in the friction factor within the contact path 
virtually couldn't be determined. This results in 
disagreement between experiment, analytical and FEA 
solutions. It is clear that the stresses of interest are 
multiaxial, as results of combination of tension and shear 
in critical regions. The application of TCD in solving 
fretting fatigue was succefully so there is no reason why 
TCD couldn't be applicable to contact fatigue. In practice, 
however, contact fatigue normally involves a moving 
point of contact, as in rolling contact between gear teeth 
and bearing components. Whilst the initiation and early 
growth of the crack may be similar to that in standing 
fatigue, the moving force has a considerable effect on the 
subsequent crack growth and the tendency for the crack to 
turn back to the surface and cause spalling. Thus, the 
TCD is useful in modelling the early stages of this process 
(perhaps for predicting the limit below which only non-

propagating microscopic cracks will occur). But, a crack-
propagation analysis would be needed to describe the 
entire process, [21, 22]. 
 
5. RESULTS 
 
After definition of input parameters for a spur gear pair 
and developing of 2D FEM model for gear mesh 
simulation, the Finite Element Analysis with iteration 
procedure is performed, [14]. Then, in accordance with 
the methodology algorithm, shown in fig.2, the contact 
position with maximal contact stresses are identified and 
appropriate 3D FEM gear model is developed, fig.3. 
Finite Element Analysis (FEA) used this model and real 
load condition, while nonlinear contact solution is 
obtained with penalty method and 10 load sub-steps. The 
obtained result for normal pressure along gear facewidth 
is shown in fig.5. The maximum normal compressive 
stresses along gear facewidth for pinion tooth of modelled 
gear pair are used for drawing of diagram in fig.6. This 
diagram has shown normal load distribution along pinion 
tooth for single mesh period in point B – point of passing 
from period with two tooth pairs in contact to single 
meshed tooth pair period. The obtained results for stresses 
and load distribution along facewidth are in expected 
ranges, [5, 8]. 
 

 
 

Fig.5. Normal contact stresses on the pinion tooth flank 
 

 
 

Fig.6. Diagram of normal contact stresses along 
facewidth for pinion tooth 

 
The next step of the new methodology presented in this 
paper, fig.2, is the question “Will cracks occur?” The 
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Theory of Critical Distances will give the answer. The 
investigation whether crack will occur or no is done for 
16 sections along pinion facewidth. The 3D model of 
pinion has been cat with cutting planes parallel with the 
gears faces. The positions of cutting planes for creating of 
cross sections of pinion are shown in fig. 7.  
 

 
 

Fig.7. The positions of cutting planes that create pinion 
cross sections 

 
 

Eight different contour plots for normal compressive 
stresses distribution in cross section are obtained in equal 
distances from both of pinion faces. Some of them are 
shown in fig. 8-11. At the same figures, the diagrams of 
normal compressive stress gradient are drawn. All eight 
different normal compressive stress gradients for 16 cross 
sections of pinion are given in comparative diagram in 
fig.12. This comparative diagram is the base for TCD 
point method application, fig.4, on crack initiation 
prediction in pinion contact zone for the investigated gear 
pair. 
 
 

 
 

Fig.8. The distribution of normal compressive stresses in 
cross section at distance of 11.667 mm from gears face  

 
 

Fig.9. The distribution of normal compressive stresses in 
cross section at distance of 35 mm from gears face  

 

 
 

Fig.10. The distribution of normal compressive stresses in 
cross section at distance of 58.333 mm from gears face  

 

 
 

Fig.11. The distribution of normal compressive stresses in 
cross section at distance of 81.667 mm from gears face  
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Fig.12. Comparative diagram for normal compressive 
stress gradients along pinion facewidth 

 
A distance of contact surface on which normal pressures 
become equal along the pinion tooth could be read from 
this diagram. This distance in the direction normal to 
contact surface is 14 mm. When compare to the pinion 
tooth width in the same pinion radius, which is 45 mm, 
the complete information for distribution of normal 
stresses on and under the contact surface is obtained. 
Application of the presented methodology, fig.2, in next 
step requires calculation of the critical distance L (or L/2 
by TCD point method). For this particular case the critical 
distance has value of: 
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The detail view of diagram shown in fig.12 is presented in 
fig.13. This scale of magnitude is appropriate for TCD 
point method application in investigated case study. 
Obtained value of L corresponds to material by available 
literature data for similar steels, [24]. Also the 
combination of high stresses at the L/2 distance, fig.13, 
shows that the conditions for crack exist in narrow zone 
on tooth flank.  
 

 
 

Fig.13. TCD point method in crack prediction in pinion 
contact zone 

 
6. CONCLUSIONS 
 
Contemporary research in applied mechanics is based on 
the use of new methods enabled by enormous rise in 

computing power and on the multidisciplinary approach. 
One of them is the presented new methodology that used 
Finite Element Analysis for stress and strain calculations 
and for prediction of the crack location, and a new 
method for crack initiation prediction. The new approach 
in calculation of contact as stress raiser in high-cycle 
fatigue is also presented in this paper.  
The contact at spur gear teeth mesh is studying for 
illustration and confirmation of the new methodology. 
The real gear pair research is performed and described in 
the paper. 
The Finite Element Analysis on 3D gear contact model is 
used for stress and strain calculation and prediction of the 
maximum stress location in contact zones along the gear 
facewidth. The stress gradient curves from the contact 
zone are made for a pinion tooth in different cross 
sections along gear facewidth. The Theory of Critical 
Distances used these stress gradients and material 
characteristics for crack initiation prediction.  
The analysis of the obtained results shows that 
methodology used in this research has significant 
potentials for estimation of crack initiation in case of 
contact fatigue. Also, the presented application of TCD 
approach on contact fatigue problem shows that further 
work is necessary. Obtained value of critical distance is 
correct compared to literature data and real mechanical 
properties of gear material. Keeping in mind that real 
situation involves surface hardening of gear and different 
lubrication solutions, keep space for further research. 
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Abstract: The aim of this paper is to detail the creation of 
a roller bearing model in the Adams program suite for 
subsequent dynamic analysis and to obtain information 
about different parts of the bearing during the simulation. 
The bearing model was made so as to closely resemble its 
real-life counterpart, which allows us to estimate load 
conditions, dynamic conditions of individual bearing 
parts and interactions between them. 
 
Key words: cage, tapered roller bearing, adams 
 
 
1. INTRODUCTION 
 
This article details the creation of a virtual bearing model 
allowing the analysis of individual bearing components 
under dynamic behavior. Two models of tapered roller 
bearings will be employed: one with steel cage and the 
other with plastic cage. 
 
2. TAPERED ROLLER BEARING MODEL 
 
Dynamic simulations of the tapered roller bearing were 
performed in the MSC.Adams system. A precise 
geometrical model of the bearing was necessary in order 
to perform the said simulations. The 3D model has been 
created based on available drawing documentation and 
incorporates various methods with regards to the overall 
model complexity. Model design was performed in 
Pro/Engineer Wildfire 5 (Fig. 1), which, when compared 
to the MSC.Adams environment, allows simpler model 
creation and subsequently easier bearing geometry 
modifications. The bearing model assembly was 
transformed from Pro/Engineer into Adams environment 
using the Parasolid file format and was further processed 
based on analysis requirements. The first step included 
material definition for individual bearing components. 
The bearing consisted of inner and outer ring, cage and 
rollers. Table 1 lists values assigned to individual parts. 

 
 

Fig.1. Tapered roller bearing model in Pro/Engineer 
 
Table 1. Material properties of individual bearing parts 
 

 Density    
[kg.m-3] 

Young 
modulus 
[MPa] 

Poisson 
constant[-] 

Inner ring 7850   202000 0.29 
Outer ring 7850   202000 0.29 

Roller 7850   202000 0.29 
Steel cage 7850   202000 0.29 

Plastic cage 1100 3000 0.42 
 
In the next step we defined the contacts between 
individual bearing components. Contact type „solid to 
solid“ was chosen for the afore mentioned operation, 
defining two objects coming into contact. This was due to 
the geometrical complexity of the model and inability to 
determine all bearing parts that come into contact. This 
contact type requires the definition of the following 
parameters: Stiffness, Exponent, Max Damping and 
Penetration Distance. Contact pairs were formed between 
inner ring and rollers, outer ring and rollers and between 
ring and rollers. Parameter values for contact between 
cage and rollers have been defined as per [1]. Parameter 
values for contacts of rollers with outer and inner ring 
have been defined based on the Hertz theory of contact 
pressure. We also considered a friction model based on 
Coulomb friction force calculation. Values of static and 
dynamic friction coefficient have been set according to 
[3] and values of transmission velocity according to [1]. 
Next we defined the geometric and kinematic constraint 
conditions and load force. Axial load force of the outer 
ring was associated with „Fixed joint“ constraint, which 
resulted in removal of all degrees of freedom. Inner ring 
was associated with „Cylindrical Joint“ constraint 
condition, which allowed rotation and translation along 
the x axis. „Rotational Joint Motion“ of type „Velocity“ 
has been assigned to the „Cylindrical Joint“ constraint, 
allowing rotational movement. This movement has been 
defined via the STEP function [1] and corresponds to 
bearing rotational speed n=15.5min-1. Loading force was 
defined via gravitation acceleration „Gravity“ and „Axial 
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Force“ of magnitude 518000 N in x axis direction, 
influencing the inner ring. Figure 2 shows a model with 
axial load force with defined geometrical and kinematic 
constraint conditions. 
 

 
 

Fig.2. Definition of geometric and kinematic constraint 
conditions – axial load force 

 
Constraint conditions for dynamic analysis with radial 
load force have been defined as following: „Revolute 
Joint“ has been assigned to the inner ring and allowed 
inner ring rotation around the x axis. „Translational Joint“ 
has been assigned to the outer ring, allowing movement in 
direction of the y axis. „Rotational Joint Motion“ of type 
„Velocity“ has been assigned the aforementioned 
constraint, allowing rotational movement. This movement 
has been defined in a similar fashion as described above 
using the STEP function. Load force was defined via 
gravitation acceleration „Gravity“ and „Radial Force“ of 
magnitude 4500000 N has been applied in y axis 
direction, influencing the outer ring. Figure 3 shows the 
model under radial load force with defined geometric and 
kinematic constraint conditions. 
 

 
 

Fig.3. Definition of geometric and kinematic constraint 
conditions – radial load force 

After defining all constraint conditions, boundary 
conditions and load force, we defined the analysis type 
and solver parameters as follows:  
SIMULATE/DYNAMIC, END=30, STEPS=3000 
Integrator GSTIFF, Formulation SI2, Corrector Modified, 
Error 1e-3, Executable External C++, Thread Count 8, 
Contacts Default_Library, Faceting Tolerance 1e5. 
 
3. DYNAMIC SIMULATION RESULTS – 

AXIAL LOAD FORCE 
 
Dynamic simulation results with axial load force 
represent force interactions between individual bearing 
parts, movement of bearing cage center of gravity and 
angular velocity thereof. Figure 4 shows comparison of 
load distribution to each roller with theoretical calculation 
[2] for bearing with steel cage, figure 5 for bearing with 
plastic cage. It was found that the variance of the load on 
each rollers was in a steel cage more than the plastic, and 
the difference was 0.3% for a minimum load and 1% for 
maximum load. 
 

 
 

Fig.4. Comparison of load distribution to each roller with 
theoretical calculation [2] for bearing with steel cage 

 

 
 

Fig.5. Comparison of load distribution to each roller with 
theoretical calculation [2] for bearing with plastic cage 
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Fig.6. Force interaction between inner ring and rollers 
(red lines), force interaction between cage and rollers 

(green lines) and angular velocity of rollers. 
 

 
 

Fig.7. Movement of center of gravity of steel cage in the x, 
y, z axis under axial load 

 
Figure 6 shows forces between roller and cage, roller and 
inner ring and angular velocity of this roller. Maximum 
force between steel cage and rollers has been observed 
during interaction of the cage with roller n.26 and is equal 
to 268 N (Fig. 6 up, green line). Also shown is the force 
between inner ring and roller n. 26 (red line), which 
varied between 54297 N and 59103 N, a difference of 
4.2% (minimal force) and 8.1% (maximal force) when 
compared to theoretical calculations. The blue line 

displays angular velocity of roller n. 26 and varies 
between 483°/s and 495°/s. 
Maximum force between plastic cage and rollers has been 
observed during interaction of the cage with roller n.2 and 
is equal to 251N (Fig. 6 down, green line). Also shown is 
the force between inner ring and roller n. 2 (red line), 
which varied between 54467 N and 58636 N and was 
lower when compared to the steel cage, representing a 
difference of 3.9% (minimal force) and 7.1% (maximal 
force) when compared to theoretical calculations. The 
blue line displays angular velocity of roller n. 2 and varies 
between 483°/s and 495°/s, similar to the velocity 
observed for the steel cage. 
Figure 7 shows the movement of steel cage center of 
gravity in x, y and z axes oriented as per Fig. 2. It is 
evident that minimum change of center of gravity is 
within the rotation axis (x axis, up to 0.007mm) and 
maximum change in the y-z plane, wherein the deviation 
in the y axis is equal to 0.419mm and in z axis up to 
0.649mm. Figure 8 shows the center of gravity location in 
the y-z plane of steel cage. 

 
 

Fig.8. Movement of center of gravity of steel cage in the 
y-z plane under axial load 

 

 
Fig.9. Movement of center of gravity of plastic cage in the 

x, y, z axis under axial load 
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Figure 9 shows the movement of plastic cage center of 
gravity. It is evident that the center of gravity deviation 
has increased within the rotation axis (x axis) to 0.605mm 
when compared to the steel cage and also increased in the 
y-z plane, wherein the deviation in the y axis was equal to 
0.599 mm and 0.919 mm for the z axis. Figure 10 shows 
the center of gravity location in the y-z plane of plastic 
cage. 
 

 
 

Fig.10. Movement of center of gravity of plastic cage in 
the y-z plane under axial load 

 
4. DYNAMIC SIMULATION RESULTS – 

RADIAL LOAD FORCE 
 
Dynamic simulation results with axial load force 
represent force interactions between individual bearing 
parts, movement of bearing cage center of gravity and 
angular velocity thereof. Figure 11 shows comparison of 
load distribution to each roller with theoretical calculation 
[2] for bearing with steel cage, figure 12 for bearing with 
plastic cage. On the side of rolling elements from t1 to 
t10, where there was unloading, the difference between 
theoretical calculation and simulation was up to 10%, on 
the side of rolling elements from t27 to t35, where there 
was loading, the  difference was up to 25%, while load 
observed by simulation with MSC.Adams was lower than 
the load found by theoretical calculation according to [2]. 

 
Fig.11. Comparison of load distribution to each roller 
with theoretical calculation [2] for bearing with steel 

cage 

It was found that the rollers, where there was unloading 
(rollers from t1 to t10) was for bearing with plastic cage 
larger load than in bearing with steel cage. On the side 
where there was loading (rollers from t27 to t35) for 
bearing with plastic cage was smaller  load than in 
bearing with steel cage. 
 

 
 

Fig.12. Comparison of load distribution to each roller 
with theoretical calculation [2] for bearing with plastic 

cage 
 

 
 

Fig.13. Force interaction between inner ring and rollers 
(red lines), force interaction between cage and rollers 

(green lines), angular velocity of rollers (blue line) 
 
Figure 13 shows force between roller and cage, roller and 
inner ring and angular velocity of the roller. Also shown 
is the force between inner ring and roller n.13 (red line). 
Maximum force between steel cage and rollers has been 
observed for roller n.13 and is equal to 706N (green line). 
Analysis has also shown that highest load rates are 
present at rollers 10 to 14 during start-up time (2-5 
seconds) and are equal to 700N. During subsequent 
simulation time, the cage was in contact with rollers only 
when the rollers were off-loaded and maximum force 
value was equal to 250N. Angular speed was been 
constant (489°/s) under applied roller load and lowered 
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under roller load in the 20000N to 70000N range, 
achieving a minimum value of 445°/s (blue curve). 
Figure 13 down shows force between inner ring and roller 
n.10 (red line) for bearing with plastic cage. Maximum 
force between plastic cage and rollers has been observed 
for roller n.13 and is equal to 706N (green line). 
Maximum force between the plastic cage and rollers has 
been observed for roller n.10 and is equal to 670N (green 
line). Similar to the steel cage, highest load rates were 
present at rollers 10 to 14 during start-up time (2-5 
seconds) and are equal to 700 N. When compared to the 
steel cage, the rollers were in contact not only in the off-
load phase (force equal to 100 N) but also during the load 
phase, with the force equal to 400 N. Angular speed has 
been constant (489°/s) under applied roller load and, 
similar to the steel cage, lowered under roller load in the 
20000N to 70000N range, achieving a minimum value of 
167°/s (blue curve) and 320°/s under load. 
 

 
Fig.14. Movement of center of gravity of steel cage in the 

x, y, z axis under radial load 
 

 
Fig.15. Movement of center of gravity of steel cage in the 

y-z plane under radial load 

Figure 14 shows the movement of steel cage center of 
gravity in x, y and z axes oriented as per Fig. 3. The 
change of center of gravity within the rotation axis (x 
axis) is equal to 0.026 mm and maximum change is in the 
y-z plane, wherein the deviation in the y axis is up to 
0.433mm and in the z axis up to 0.711mm. Figure 15 
shows the center of gravity location of the steel cage in 
the y-z plane. 
Figure 16 shows the movement of plastic cage center of 
gravity. It is evident that the center of gravity deviation in 
the rotation axis (x axis) is similar that of the steel cage 
(0.605mm), however decreased in the y-z plane, wherein 
the deviation in the y axis was 0.345 mm and 0.575 mm 
for the z axis. Figure 17 shows the center of gravity 
location of the plastic cage in the y-z plane. 
 

 
 

Fig.16. Movement of center of gravity of plastic cage in 
the x, y, z axis under radial load 

 

 
 

Fig.17. Movement of center of gravity of plastic cage in 
the y-z plane under radial load 
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5. CONCLUSION 
 
The aim of this article was to detail the creation of a 
tapered roller bearing model in the Adams software suite 
to be used for further dynamic analysis and to obtain 
information about individual parts during the simulation 
process. The bearing model was made so as to closely 
resemble its real-life counterpart and thus allowed us to 
extract information about load transfer conditions, 
kinematic ratios and mutual component interactions. This 
approach can help identify problematic parts during the 
development phase and allows modification of the 
bearing design before the actual manufacturing process, 
thus maximizing the overall service life-time of the 
bearing. 
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INTRODUCTION OF POLYMERIC 

ELEMENTS IN MACHINE ELEMENTS 
TEACHING 

 
Božidar KRIŽAN 

 
 
Abstract: The growing importance and use of polymeric 
(plastic) parts in many industrial product categories isn’t 
generally accompanied by adequate education at the 
university level. In response, an overview of relevant 
literature on polymeric machine elements is presented. 
Most important differences in characteristics of the 
polymeric and metallic materials are highlighted, and the 
contents of a Croatian textbook on polymeric machine 
elements are used as a reference. 
 
Key words: machine element, plastic, polymer 
 
 
1. INTRODUCTION 
 
Polymeric materials have been produced for more than 
one hundred years, with constantly increasing usage. The 
world production in the year 1900 was 20000 tons, in 
1950 1,7 million tons, in 1990 more than 100 million 
tons, in 2010 already 265 million tons, with an anticipated 
quantity of 300 million tons in 2015 [1]. In 2010 the share 
of constructional thermoplastics used in building, 
construction, car industry, electrical wiring, electronics, 
home appliances etc. was 21,5 million tons in the world, 
of which 2,9 million tons are used in Europe [2]. It is 
obvious that there is growing application and importance 
of polymeric parts in many industrial product categories. 
Constructional thermoplastics acrylonitrile butadiene 
styrene (ABS), polyamide (PA), polycarbonate (PC), 
poly(methyl methacrylate) (PMMA), poly(butylene 
terephthalate) (PBT), polyoxymethylene (POM), 
polytetrafluoro-ethylene (PTFE) and other as well as 
elastomers (rubber) also have adequate mechanical and 
other properties for use as machine elements. 
 
2. CONTENTS OF STANDARD TEXTBOOKS 

ON MACHINE ELEMENTS 
 
Standard textbooks on machine elements typically deal 
with polymeric (plastic) parts in three chapters – flexible 
couplings, belt drives and friction drives. The reasons are: 

a) The elastic parts in some of flexible couplings are 
made of elastomer (rubber). 

b) The belts in belt drives are made mostly of elastomers 
with polyamid or polyester interior tension chords. 

c) Friction drives can have rubber wheels. 
 

Apart from these three cases, some of the most used and 
well known textbooks in German and English language 
are dealing with polymers and polymeric machine 
elements to a rather small extent. Here is an overview: 
 

Niemann, G. (1975). Maschinenelemente – Band I [3]:  
- design of polymeric parts (1 page) 
- leightweight design (1) 
- polymeric materials (8) 
- rubber springs (4) 
- polymeric materials for sliding bearings (<1) 
 

Niemann, G.; Winter, H.; Höhn, B.-R. (2001). 
Maschinenelemente – Band 1 [4]: 
- design of polymeric parts (1 page) 
- leightweight design (1) 
- polymeric materials (6) 
- rubber springs (7) 
- polymeric sliding bearings (7) 
 

Niemann, G.; Winter, H. (1983). Maschinenelemente – 
Band II & III [5, 6]: 
- polymeric gears (12 pages) 
 

Shigley, J.E.; Mischke, C.R. (1989). Mechanical 
Engineering Design [7]: 
- polymeric materials (1 page) 
 

Steinhilper, W.; Röper, R. (1993). Maschinen- und 
Konstruktionselemente 2 [8]: 
- welded joints (<1 page) 
 

Steinhilper, W.; Röper, R. (1994). Maschinen- und 
Konstruktionselemente 3 [9]: 
- polymeric materials for sliding bearings (3 pages) 
 

Hamrock, B.J.; Jacobson, B.; Schmid, S.R. (1999). 
Fundamentals of Machine Elements [10]: 
- polymeric materials (2 pages) + composites (2) 
- snap joints (3) 
 

Decker, K.-H. (2004). Decker – Maschinenelemente [11]: 
- welded joints (2 pages) 
- rubber springs (2) 
- polymeric materials for sliding bearings (<1) 
- polymeric sliding bearings (5) 
- design and calculation of polymeric gears (7) 
 

Wittel, H.; Muhs, D.; Jannasch, D.; Vossiek, J. (2009). 
Roloff/Matek – Maschinenelemente [12]: 
- riveted joints (<1 page) 
- inserted nuts (<1) 
- rubber springs (3). 
 

Although the mentioned textbooks have been published 
over a time span of 34 years, only the books of Niemann 
and co-authors [3, 4, 5, 6] and Decker [11] pay any 
substantial attention to polymeric (plastic) machine 
elements.  
The book “Ozubljenja i zupčanici” (“Toothings and 
gears”) written by E. Oberšmit [13] has been published in 
Croatia in 1982. There are 14 pages dealing with the 
calculation and design of polymeric gears. 
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One of the most important and comprehensive books on 
polymer machine elements has been written in German 
language by G. Erhard and E. Strickle under the title 
“Maschinenelemente aus thermoplastischen Kunst-
stoffen” (“Thermoplastic Machine Elements”) and 
published in two parts in 1974 and 1978 [14, 15]. 
Practically all machine elements have been elaborated on 
460 pages. 
 
3. CONTENTS OF BOOKS DEALING WITH 

THE MANUFACTURING PROCESS AND 
DESIGN OF POLYMERIC PARTS 

 
The books quoted in this chapter are concerned primarily 
with the manufacturing process for the production of 
polymeric parts and with the design of polymeric parts 
generally, not only machine elements. However, some of 
the polymeric machine elements are considered in 
following books: 
 

Wimmer, D. (1991). Kunststoffgerecht konstruieren [16]: 
- welded joints (18 pages) 
- bonded joints (23) 
- threaded joints (24) 
- press-fit joints (9) 
- snap joints (17) 
- hinges (5) 
- sliding bearings (23) 
- gears (40) 
 

Erhard, G. (1993). Konstruieren mit Kunststoffen [17]: 
- threaded joints (16 pages) 
- snap joints (20) 
- springs (9) 
- sliding bearings (18) 
- gears (32) 
- rollers (15) 
 

Tres, P.A. (1994). Designing Plastic Parts for Assembly 
[18]: 
- welded joints (48 pages) 
- bonded joints (4) 
- riveted joints (6) 
- press-fit joints (26) 
- snap joints (36) 
- hinges (35) 
 

Malloy, R.A. (1994). Plastic Part Design for Injection 
Molding [19]: 
- welded joints (32 pages) 
- bonded joints (15) 
- threaded joints (24) 
- press-fit joints (7) 
- snap joints (21) 
 

Michaeli, W.; Brinkmann, T.; Lessenich-Henkys, V. (Ed.) 
(1995). Kunststoff-Bauteile werkstoffgerecht konstruieren 
[20]: 
- welded joints (6) 
- threaded joints (13) 
- press-fit joints (6) 

- snap joints (14) 
- hinges (6) 
- gears (13) 
 

Ehrenstein, G.W. (2002). Mit Kunststoffen konstruieren 
[21]: 
- welded joints (5 pages) 
- bonded joints (9) 
- threaded joints (24) 
- press-fit joints (7) 
- snap joints (11) 
- hinges (2) 
- rolling bearings (2) 
- sliding bearings (14) 
- gears (10) 
- rollers (6) 
 

Ehrenstein, G.W. (2004). Handbuch Kunststoff-
Verbindungstechnik [22]: 
- welding and welded joints (190) 
- bonding and bonded joints (88) 
- riveted joints (21) 
- threaded joints (53) 
- press-fit joints (14) 
- snap joints (36) 
- hinges (14) 
 

Although the machine elements have been presented to 
different extents, these books are very useful help for the 
design and calculation of some of the polymeric machine 
elements. 
 
4. PROPERTIES AND SUITABILITY OF 

POLYMERIC MATERIALS FOR 
MACHINE ELEMENTS 

 
Taking into consideration that most of engineering studies 
are still dealing mostly with metallic materials and their 
technology, the topics connected with polymeric materials 
are indubitably welcome. It is very important to 
emphasize that the mechanical properties of polymers are 
completely different than those of metals. Following can 
be pointed out [10, 17, 19, 21, 23 etc.]: 
a) Polymers can be extremely extensible and flexible 

with large elastic deformation. The range of the 
modulus of elasticity for metals is  
E ≈ 30000...210000 N/mm2, and for polymers  
E < 7500 N/mm2. 

b) Polymers have a tensile strength about  
50...100 N/mm2, i.e. ten times less than steel. 

c) Polymers are roughly five times less dense than metals 
but have nearly equivalent strength/weight ratio. 

d) Mechanical properties change greatly with variations 
in temperature (Fig. 1). The polymeric materials 
become brittle at low temperatures. 

e) Polymers creep even at room temperature and polymer 
machine element under load may, with time, acquire a 
permanent set (Fig. 2). 

f) Water percentage in the polymeric materials interferes 
with their mechanical properties (Fig. 3).   
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Fig.1. Change of the stress-strain dependency of 

polyamid PA 66 with temperature 
 
 
 

 
Fig.2. Creeping of polyamid PA 66 at 23 °C after 1, 10, 

100, 1000 and 10000 hours 
 
 
 

 
Fig.3. Influence of the water content in polyamid PA 66 

on the stress-strain dependency 

Apart from these differences in mechanical properties and 
some other disadvantages, the following desirable 
characteristics promote the increasing use of polymeric 
machine elements: 
 

a) Polymers are easy to shape. 
b) Polymers can have very good electrical and thermal 

insulation properties. 
c) Most of the polymers have good chemical resistance. 
d) Sliding possible without lubrication. 
e) Some of the thermoplastics can be transparent. 
f) Polymers can be colored throughout. 
g) Possibility to create composites. 
 

The manufacturers are continuously improving the 
properties of polymeric materials by inventing new 
materials, mixing different kinds of polymers and 
applying different additives (e.g. UV stabilizers, fillers, 
reinforcements, and lubricants). All this significantly 
improves the suitability of polymers for use as machine 
elements. 
 
5. POLYMERIC MACHINE ELEMENTS IN 

UNIVERSITY CURRICULA 
 
To the author’s knowledge, with the exception of the 
Erhard & Strickle’s “Thermoplastic Machine Elements” 
[14, 15], there are no textbooks dealing systematically 
with polymeric machine elements. This fact, as well as 
the fact of growing application of polymeric parts in a 
wide range of industrial products, point to a need of 
introducing these topics in university textbooks and 
curricula. That’s why the textbook “Polymeric machine 
elements” [23] (266 pages, in Croatian language) has 
been published at the Faculty of Engineering – University 
of Rijeka in Croatia. The content of this book has been 
chosen by studying previously mentioned books and with 
the idea that it should be appropriate primarily to the 
students of undergraduate studies of mechanical 
engineering. After the brief introductory first chapter, the 
book chapters and their contents are as follows (important 
features are pointed out): 

Chapter 2: “Properties and types of polymers” (15% of 
the book content). 
- Main properties and types of thermoplastics, 

thermosets and elastomers 
- Additives and reinforcements 
- Influential factors for the selection of adequate 

polymeric material – mechanical, thermal, chemical, 
electrical, aestethic etc. 

- Mechanical properties and behavior which can be very 
different (Fig. 4) 

- Influences on mechanical properties: the most 
significant are the influence of temperature  
(Fig. 1), the influence of the duration of loading (Fig. 
2), the influence of the water content  
(Fig. 3), and the influence of the long-lasting elevated 
temperatures as well as the influence of  variable 
loading 

- Influences on friction: materials of contacting bodies, 
surface roughness and lubrication. 
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Fig.4. Typical stress-strain diagrams for different types of 

polymers 
 

Chapter 3: “Joints” (45%). 
The properties of some polymers enable new ways of 
joining parts together. A considerable attention has been 
paid to threaded joints where one or both parts are made 
of polymers. A combination of polymeric bolt with 
polymeric nut is of less importance due to their low 
strength and rigidity. The most important is the 
combination of metallic self threading screw and a plastic 
part in which already a cylindrical hole exists. The self 
threading screws can be thread cutting suitable for brittle 
materials such as reinforced polyamide (PA –GF) or 
polyoxymethylene (POM), or thread forming suitable for 
softer materials such as polyethylene (PE), polypropilene 
(PP) and polyamide (PA). Thread cutting screws (Fig. 5) 
cut mating threads as they are driven into the plastic boss. 

 
 
 

Fig.5. Thread cutting screws 

Thread forming screws (Fig. 6) have no cutting 
capabilities and simply displace material as they are 
driven into the hole. There is a number of different 
geometries of thread forming screws. Possible failures in 
such joints are of importance for the dimensioning of 
metallic screws and plastic parts (Fig. 7). 
Another kind of widely-used joints are snap joints which 
take advantage of the low modulus of elasticity and can 
be molded directly into the product as an integral feature 
(Fig. 8). These joints are very economical from the 
assembly and disassembly viewpoint because there is no 
need for any tools. 

 
 
 
 
 

 

 

 

 

 

 

 

Fig.6. Some examples of thread forming screws 

 

 

 

 

 

              a                      b                     c                     d 

Fig.7. Failures of threaded joints: a – shearing off the 
plastic thread, b – screw fracture, c – cracks in the boss, 

d – boss fracture 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.8. Some examples of snap joints 

As some polymers have the ability to flex many times 
without breaking (PP and PE up to a million cycles before 
failure), the living hinges are also widely used to connect 
parts which undergo relative movement (i.e. box and 
cover). The living hinge is a very thin portion of 
polymeric material that bridges two massive walls and is 
very convenient because the number of parts that have to 
be manufactured separately and then connected is reduced 
(Fig. 9). 
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Fig.9. Living hinge 

The textbook also pays moderate attention to bonded, 
welded, riveted, and shaft-hub joints, and springs. 

Chapter 4: “Bearings” (13%). 
More attention has been paid to sliding bearings than to 
rolling bearings. Plastic sliding bearings have many 
advantages in comparison with metallic ones such as: they 
can work without lubrication, can be lubricated and 
cooled with water, acid or lye, they are corrosion-
resistant, suitable for food-industry, they can be integrated 
into the machine part etc. One of the main problems is 
heating and notable changing of dimensions during 
operation. However, there is a variety of plastic bearing 
materials and designs, e.g. bearing bushes mounted as a 
snap joint (Fig. 10) or bonding of the polymeric film onto 
the shaft or into the metallic bushing (Fig. 11). 

 

 

 

 

 

 

 

 

 
 

Fig.10. Bearing bushes as snap joints 

 
 
 
 
 
 

Fig.11. Bearing with bonded polymeric films 

Chapter 5: “Gears” (13%). 
Regarding their low strength, plastic gears are suitable for 
precision engineering, home appliances, office machines, 
medical and other instruments, where transmitting of 
power is of less importance. Most often a plastic gear 
meshes with a metallic one and a big advantage is that 
lubrication can be avoided. The basics of the calculation 
are as for metallic gears; specific is the control of the 
tooth deflections because big deflections cause 
considerable noise. As plastic gears are mostly not 
manufactured by cutting, non-involute tooth profiles with 
lower friction and wear can be easily produced. Smaller 
gears can be fixed on shafts directly by bonding or 
injection molding (Fig. 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.12. Gears molded on shafts 

Chapter 6: “Belt drives” (3%). 
As this kind of transmission is normally presented in 
standard textbooks on machine elements, only basic 
explanations are given. 

Chapter 7: “Wire rope sheaves” (2%). 
Only a short description is given. 

Chapter 8: “Rollers” (5%). 
Although rollers are usually not described in machine 
elements textbooks, their wide application merited their 
inclusion. The problems can occur when steady loaded 
rollers loose their roundness as well as due to the 
overheating of the material under the surface of the 
rotating rollers. 

Chapter 9: “Clutches and couplings” (4%). 
As polymers are widely used in flexible couplings which 
are always elaborated in standard machine elements 
textbooks, only some specific polymer clutches and 
couplings are presented, e.g. universal joint coupling with 
living hinges (Fig. 13) or compensating coupling which is 
flexible but torsionally rigid (Fig. 14). 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.13. Universal joint coupling with living hinges 

It is obvious that the design of polymeric machine 
elements due to specific properties of polymers can differ 
considerably from the standard metallic machine elements 
and that the students of mechanical engineering should 
learn about the application of polymeric elements as well. 
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Fig.14. Compensating torsionally rigid coupling 

 
6. CONCLUSION 
 
Today’s designer has the option to choose from a great 
variety of different polymeric materials because polymers 
(plastics) can often compete with other materials such as 
wood, sheet metal, cast or forged metals, glass or 
ceramics. The designer must correlate the end-use 
performance requirements of the product with the 
properties and cost of the individual polymeric materials 
in an attempt to obtain the best material for the 
application. The designer must also be aware of all 
advantages as well as limitations of the polymeric 
machine elements and polymeric products generally in 
order to perform an optimal job.  
It is of the outmost importance to make the students of 
mechanical engineering aware of the differences between 
the metallic and polymeric materials and the possibilities 
that afford the use of polymers. One of the critical 
prerequisites for this is introduction of polymeric machine 
elements in university teaching. 
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CHOOSING AN OPTIMAL 

ORGANIZATIONAL STRUCTURE AS 
MAIN ORGANIZATIONAL TOOL IN 
DEVELOPING OF PRODUCT AND 

PRODUCTION SYSTEMS 
 

Milan IKONIC 
 
 
1. INTRODUCE 
 
For enterprise it is important to define macro structure 
which includes the structures of enterprise and functional 
levels. 
Influence of organizational factors is continual and 
different and need constant attention. Enterprises are 
exposed to continual process of changes and 
discontinuing phases of development. For these reasons 
factors of organization has to be studied because they 
determine the organizational structure.  
 
2. TYPES OF BASIC ORGANIZATIONAL 

STRUCTURES 
 
Appearance of each organizational shape was based on 
different principles of grouping managing activities and 
supporting activities in enterprises. Late forties in XX 
century rising of innovations caused appearance of first 
dynamic structure, project matrix structure. Later, at 
fifties increase the number of multinational companies on 
global market and caused appearance of dual structures, 
where are strategic jobs (developing of products and 
system) kept on strategic level of structures (strategic 
business unit, SBU) which is different from operational 
parts of structure (production, supplying dept., finance 
dept…). This complexity of enterprises resulted with new 
multi structures where different parts of company are 
structured in different shapes: multinational, divisional or 
hybrid one. At early eighties of XX century appear the 
new organizational shapes capable to adapt to the frequent 
changes. These structures are named organic structures 
with wide range of control, low number of vertical levels 
(flat organizations) and linked with task (project), product 
or market. 
Can be concluded exist five basic types of organizational 
structures: functional and divisional organizational 
structures which belong to bureaucratic structures, matrix 

structures (project and multinational), multi structures 
(mixed, front-back, hybrid structures) and organic 
(adaptable) organizational structures. 
 
3. CLASSIFICATION OF FACTORS  
 
Organizational factors cannot be isolated, each of them, 
when is consider their influence on shape of structures. 
The reason is in their mutually influence and their 
mutually connections. The final choose of organizational 
structure will depend about factors which influence in 
respective phase of development of enterprise are 
strongest. The factors will be classified against grade of 
influence on choosing and shaping of structure. 
 

3.1. Classification of influence of organizational 
factors for choosing of organizational 
structure 

 

Influence of factors is classified in three classes: 
 The factors with smallest influence: 
Fsx = human resources, life cycle of enterprise, 
location, institutional or integrations…. 

 The factors with middle influence: 
Fmx = size of company, products, market, developing 
of science or technology, adaptability, flexibility...  

 The factors with biggest influence: 
Fbx =strategy, technology...  

Total influence on choosing of organizational structure is 
equal to an amount of influences of single factors (1). The 
mark x in subscript will be replaced with first letter of 
relevant factor ( for example  for strategy instead „x“ will 
be put „s“, for product will be put „p“…): 
 

V = Σ Fsx + Σ Fmx + Σ Fbx                                 ( 1 ) 
 
3.2. Internal factors 

 

The most important internal factors are:  
 

3.2.1. Strategy 
One of most important factors of organization is strategy. 
Will be marked by sign Fbs. Aims of enterprise are most 
important characteristic of organization because they 
determine the future of company. If the aims define 
"what" enterprise wish to reach, strategy defines "how" 
these aims will be reached.  
In this sense enterprise has on disposal different types of 
strategy. Enterprise picks one of them which satisfy 
needing and capabilities of enterprise. Each phase of life 
cycle ask for different strategy. To each of these phases 
responds one of five basic strategies (Kotler, 2001),  
(Kreiter, 1989): innovative strategy, penetration strategy, 
advance strategy, defense strategy and withdraw strategy. 
Strategies develop the procedures for efficient managing 
within transforming processes from previous toward new 
capabilities of business system, (Ansoff, 1979). He says 
"structure comes before strategy" i.e. enterprise picks the 
structure which is in advance of demands of strategy. 
With this approach managers want to prepare the 
company for new developing phase. He goes furthest in 
defining of relationships between strategy, environment 
and structure of organization. He confirm that each 
strategy respond to exact type of organizational structure. 
Carrying out the influence of organizational factors on 
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choosing of organizational structure (per Ansoff) and 
consequently basic type of organizational structure (2): 
 

Fbs =Fbsa, Fbsb, Fbsc,......                                   ( 2 ) 
 

1) Stable strategy – are chosen by closed systems which 
refuse the changes or perform the changes slowly 
when cannot avoid them. Very often functional or 
process structures are applied for this strategy. Mark 
for this class of strategy is Fbss. 

2) Reactive strategy – is chosen by manufactories. 
Reactions of business system on the changes which 
coming from environment after changes happened, not 
as prevention. Mark for this class is Fbsr. 

3) Anticipative strategy – are based on own and other's 
extrapolated experience. Enterprise prepares himself 
for predictive changes and their synergy effect in 
advance. Mark for this class of strategy is Fbsa. 

4) Research strategy - is applied mainly on global 
orientated business systems. System respond on 
changes with internal changes, picked between 
alternatives, at all levels. Mark for this class of 
strategy is Fbsrs. 

5) Creative strategy – are used mainly by flexible 
systems which respond on irregularly changes with 
creativity on product, production process or on 
marketing approach. On this way system create the 

market demands, or new trends, or new fashion. Mark 
for this class is Fbsc. 

 

3.2.2. Tasks and technology 
Perrow, Ch. was bound the organizational structure for 
easy recognized characteristics of each technology a.w.a. 
grade of routine or ability for analyses of problems and 
conditions which are preferable from each type of 
technology (easy or heavy conditions for analyses). This 
Perrow's classifications of technology will be taken for 
classification of big technology factor's influence on 
choice of one type of organizational structure. He spoke 
about four types of technology, shown in Table 1, 
bounded for next type of structures and relevant classes of 
factor Fvt  (3): 
 

Fbt = Fba, Fbb , Fbc,.....                          ( 3 ) 
 

1) Routine technology   - Mechanical structure 
2) Engineering technology  - Mechanical structure 
3) Craft technology   - Organic structure 
4) Non-routine technology  - Organic structure 
As we can see the frequency is base for classification of 
technology. Technology is based on frequency streams to 
the complex strictly formalized structures and technology 
with no routine jobs is most efficient with unformed and 
less complex structures. 

Table 1. Classification of technology factor Fbt 
 

Variability of  task (number of exceptions which employees meet in their work) 
          Low number of exceptions                              Big number of exceptions 

       Well defined 
 

Ability to analyse the 
problems (ability 

         to find solutions as 
answer on exceptions) 

 
Poor defined. 

 
 

3.2.3. Size 
Relativity of business system size is connect with market 
where enterprise acting and with activities of enterprise. 
In every national economy is necessary to be established 
optimal relationships between small, middle and big 
enterprises. Kimberly, 1976, suggest four components of 
size: 

 Production capacity of organization, 
 The number of employees on disposal, 
 Organizational inputs and outputs (for example 
number of buyers or volume of selling), 

 Resources on disposal to organization. 
 
Growing of size has reflex in changing of applied 
organization structure (Mintzberg, 1979): 

 craft structure in 
 entrepreneur structure in 
 bureaucratic structure in 
 divisional structure in 
 matrix structure in 
 mix or organic structure. 

Size of organization can be considered as middle 
influence factor. Three characteristics of organization 

will be taken (table 2), (Blau, at al, 1974), which sum 
gives us the influence of size factor Fms on choosing the 
organizational structure (4):  
 

  Fms  = (Nl  + S c ) + Ne     ( 4 ) 
 

1) Number of employees – Ne:  
 till 100...................................................  Nes 
 from 100 – 500......................................  Nem 
 from 500 more.......................................  Neb  

 

2) Number of managing levels – Nl: 
 from 1 – 3 levels....................................  Nls    
 from  4 – 5 levels....................................  Nlm    
 from  6 – 7 levels...................................  Nlb 

 

3) Span of control – Sc: 
 from 1 – 10.............................................  Scs    
 from 11 – 25...........................................  Scm    
 from 26 – 50...........................................  Scb   

line a - over line a is class for big enterprise 
lines a and b - between lines a and b are classes for 
middle enterprises 
line b - under line b are classes for small enterprises. 

 
      Routine 
          Fbtr 

 

 
Engineering 

Fbti 
 

 
       Craft 
          Fbtz 

 
No routine  

 Fbtn 
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Table 2. Factor of size, Fms , depend about number of employees, number of managing levels and span of control 
 

Size factor  Fms 

Hierarchical 
levels Nl 

 

Nlb Nlm    Nls  

                    Ne  
Sc  Nes  Nem  Ne  

Scb    Fmsb   
Fmsb                    a                         
                                             
Fmsm   

Fmsm   
                                         
Fmss  

Scm   
Fmsb   
                                           Fmsm   

Fmsm                  b                       
                                             Fmss  

Fmss  

S cs     
Fmsm                                        
                                           Fmss  Fmss  Fmss  

 
3.2.4. Human resources 
Depth of organizational pyramid and wide span of 
control strongly depend about a knowledge, skills, 
abilities and culture of management but and performers. 
Human resource factor of organization Fshr will be 
classified toward influence on choosing of 
organizational structure (5) and against predictive 
relationships between skills and educations of 
employees and managers (table 3): 
 
Fshr   =  Ose + Osm                                                 ( 5 ) 
 
 

1) Skills and educations of employees – Ose: 
 small....................................................... Oses 
 middle.................................................... Osem     
 big..........................................................  Oseb     

2) Skills and educations of managers – Osm:  
 small....................................................... Osms   
 middle.................................................... Osmm      
 big.......................................................... Osmb   

Class of human resources factor Fshr  can be: 
 small...................................................... Fshrs    
 middle..................................................... Fshrm      
 big.......................................................... Fshrb. 

Table 3. Human resources factor, Fshr , depend about skills and education of employees and managers 
 

Human resources factor Fshr  

Small Middle Big                Skills of  employees, Ose 

 

Skills of managers,  Or Oses  Osem  Oseb  

Small Osms Fshrs Fshrs Fshrm      

Middle Osmm Fshrs Fshrm      Fshrb  

Big Osmb Fshrm      Fshrb  Fshrb  

3.2.5. Life cycle of enterprise 
Each of business system passing through four phases: the 
phase of building up, phase of growing, phase of 
formalization and phase of elaboration. When 
organization passing through mentioned phases, 
organization structure changes to adapt itself to the new 
aims, strategy, innovate the old and produce the new 
products, all this as part of adaptation to the new 
conditions in environment. 
Greiner model of five specific phases of evolution in life 
cycle of enterprise, (Greiner, 1972), will be used on 
changes of influence of life cycle factor on organization.  
But cause and effect bounds are applied on developing of 
organization which change, adapt the structure and give 
again the possibilities for new developing of organization. 
Beside that we can establish the relationship between 
single phases of life cycle of enterprise and types of 
structures, shown in Figure 1.  

Classification of influence of life cycle factor of 
organization on organizational structure is consequently 
to mentioned phases of life cycle of enterprise and 
preferable structures: 
 

Fslc  = Fslca, Fslcb, Fslcc, …                                                  (6) 
 
1) To Creating phase respond organically, innovative 

structure.... ...............       Fslc1    
2) To Directing phase respond mechanically, functional 

structure...................        Fslc2    
3) To Delegating phase respond mechanically, 

divisional structure................       Fslc3     
4) To Coordinating phase respond mechanically,   

divisional structure...................        Fslc4    
5) To Collaborating phase respond organically, project 

matrix, multi structure.............    Fslc5. 
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Fig.1. Changes of organizational structure through the 

phases of life cycle of enterprises 
 
3.2.6. Product (service) 
Products, their differences, quantities of manufacturing, 
way of managing of manufactory have influence on the 
choice of organization and organization structure for 
entire enterprise, same as for each function. To better 
understand the problem is necessary to know product's 
elements, technology's operations and production's 
equipment as bases of technology's process, (Mikac, 
1994). To defining of job cycle is necessary to give the 
frame (structure) and pick out of organizational concepts 
which will fixed handling with material and manufactory.  
Structure will bound all mentioned vertically and 
horizontally, defined the authority and connect everything 
with other functions to reach efficiency and purpose, 
(Mikac, 1994). Product factor of organization, Fmp, has 
middle level of influence on organizational structure. 
Classification of this influence depend, (Majdandžic, at 
al. 2001), about similarity of technology process, layout 
of production equipment and type of production program 
(table 4): 
 

Fmp = ( Tp  +  Le ) +  Pp           ( 7 ) 
 

1) Similarity of technology process - Tp:  
 Same or similar technological processes  Tps   
 Different techn. processes.................  Tpd  

2) Layout of equipment – Le:  
 Group layout..................................   Leg  
 Line/processes layout......................  Lel 
 Single equipment...........................    Les   

3) Production program - Pp: 
 Single or more similar products........  Pps   
 Many different products...................  Ppd  

Product factor of organization, Fmp, can be:   
 small......................................................  Fmps 
 middle.....................................................  Fmpm  
 big...........................................................  Fmpb  

 

3.2.7. Location 
Micro location and macro location are distinguished. 
Micro location is related on location of microstructure i.e. 
on single organizational units. If some of functions are 
dislocated system will self organized toward principles of 
territorial organization structures.  
Macro location is related on location of headquarters of 
company and functions which are recognized as 
strategically. Classification of location factor of 
organization, Fsl, which has small influence on choosing 
of structure (table 5), take in consideration two 
characteristics of organization location (8):  
 

Fsl  =  Ml  + ml  ,                                                                                   ( 8 )  
 
1) Macro location – Ml:     

 One location for headquarters and functions 
macrostructure........................................  Mlo   

 More locations for headquarters and functions 
macrostructure........................................  Mlm  

2) micro location -  ml: 
 One location for microstructure............  mlj   
 More locations for microstructure........  mlv   

 Dispersive locations of microstructure . mld.   
Classification of location factor of organization, Fsl , are: 

 small.......................................................  Fsls 
 middle....................................................  Fslm 
 big..........................................................   Fslb . 

 

3.3. External factors 
 

Emery, F.E. and Trist, E. define no threatening and low 
threatening environment which are related to mechanical 
structures and disturbing and turbulent environment 
which are related more to organic structures.  
 

3.3.1. Institutional environment 
Institutional factors, FsIe, and their relatively small 
influence on organizational structure can be classified on 
same way as were classified characteristics in 
environment: stable/unstable and complex/simple (table 
6). Follows, the influence of institutional factors, FsIe, on 
choice and modelling of organizational structures are (9): 
 

FsIe  =  S  +  C                                                                               (9) 
 

1) Stability of environment – S:  
 Institutional environment is stable, changes are 
slow and rare...........................................  Ss  

 Institutional environment is unstable; changes are 
frequent and fast....................................... Su  

2) Complexity of environment - C:     
 Institutional environment is simple, with small 
number of variable factors....................... Cs 

 Institutional environment is complex, with lot of 
variable factors........................................  Cc  

Then classes of institutional factor FsI  are: 
 small.........................................................  FsIes 
 middle.......................................................  FsIem 
 big..............................................................  FsIeb. 

Coordinating 
phase  

divisional 
structure 

Directing 
phase 

functional 
structure 

 

 
Delegating 

phase 
divisional 
structure 

Collaborating 
phase 

organical, 
matrix, 

multistructure 

Creating 
phase 

organical 
structure 
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Table 4. Product factor of organization, Fmp, depend about similarity of technology process, layout of 
production equipment and type of production program  

 

Product factor of organization, Fmp 
Technological 

process  Tp Equipment le Production program  pp 

Similarity 
 

Layout Single or more similar 
products Pps 

Many different products 
Ppd 

Group Leg   Fmps Fmpm 
Line/process Lel Fmps Fmpm 

 
Same or similar 

technological 
process Tps Single equipment Les Fmps Fmpm 

Group Leg   Fmpm Fmpb 
Line/process Lel Fmpm Fmpb 

Different 
technological 
Process Tprd Single equipment Les  Fmpm Fmpb 

 
Table 5. Classification of location factor, Fsl, depend abt. number of locations for micro structures and Macro 
structures 
 

Location factor of organization, Fsl  

                       Macro location  Ml   
                                                      
   Micro location ml 

One location Mlo   More locations Mlm  

   one location  mlj   Fsls Fslm 
   more locations mlv   Fslm Fslm 
   dispersive locations mld Fslm Fslb  

 
Table 6. Classes of institutional factors, FsIe ,  depend about stability or complexity 

Institutional factor FsIe 

Enviroment Stable Ss  Unstable Su  

Simple Cs FsIes FsIem 

Complex Cc FsIem FsIeb 

 
3.3.2.Integration processes 
Integration factors, FsIn , have small influence on 
organization structures in relation with other factors. 
During classification of influence is necessary to be 
consider the levels of territorial integration and in same 
time relative power of influences (10), on the way how is 
in table 7:  
 
FsIn  =  Ip  +  Ti ,                                                    ( 10 ) 
 
1) Influence of integration processes- Ip: 

 Integration processes no exist.................. Ipn  
 Small influence……………………......... Ips 
 Big influence………………………........ Ipb 
 Very big influence……………………… Ipvb 

2) Area of integration processes – Ti:   
 National integration processes................. Tin  
 Regional integration processes................. Tir  
 Global integration processes.................... Tig  

Then classes of integration factor FsIn are: 
 small.....................................................   FsIns 
 middle...................................................   FsInm 
 big…............................................       FsInb. 

 
 

3.3.3. Market 
Market has influence mainly on commercial and 
procurement department structure but over them and on 
other functions of enterprize (particularly on R&D and 
manufactury department). Competition as a segment of 
market influences on structure has to adapt own self on 
predictable activities of competitors. Market as factor of 
organization, Fmm, has middle influence and will be 
classified toward territory which is covered and 
competition which exist (table 8) on same market (11): 
 
Fmm =  C + A               ( 11 ) 
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1) Competition  - C: 
 weak or not exist..................................   Cw  
 very strong............................................   Ks. 

2) Area with same/similar market conditions - A: 
 Local market......................................  Al   
 National market.................................  An  

 Regional market.................................  Ar 
 Global market.....................................  Ag. 

Then classes of market factor, Fmm ,are in table 11.: 
 small.................................................. Fmms  
 middle................................................ Fmmm 
 big...................................................... Fmmb. 

 
Table 7. Integration factor, FsIn, based on grade of influence on organizational structure and area (territory) of 
integration processes 

 

Integration factor FsIn 

     Integration processes National Tin  Regional Tir  Global Tig  

      No exist Ipn FsIns FsIns FsIns 

      Small Ips FsIns FsInm FsInm 

      Big Ipb FsInm FsInm FsInb 

      Very big Ipvb FsInm FsInb FsInb 
 
Table 8. Classes of market factor, Fmm , in area with same market conditions and same or similar competitiveness 

 

 

Market factor, Fmm , 
 

                          Competition  - C 
Market area - A weak Cw strong Ks 

     Local Ptl  Fmms  Fmmm  

     National Ptn  Fmmm  Fmmm  

     Regional Ptr  Fmmm  Fmmb 

     Global Ptg  Fmmb Fmmb 

 
3.4. Developing of science and technology 
 

Developing of science and technology is factor of 
organization, Fst with middle influence on organizational 
structure. Immediately when advanced technology appear 
on market we can expect to direct competition use her 
what caused the technology start to be organization factor. 
Just the speed/frequency of changes the technology as 
characteristics of science and technology factor will be 
bases for classification (12): 
 
Fmst   = Va, Vb, Vc, …………………        (12) 
 
1) Developing of science and technology are rare and 

slow, one time in 15-20 years, for example in process 
industry or metallurgy...............   small Fmsts 

2) Developing of science and technology caused new 
generation of products very 5-10 years, for example in 
production of civil building equipment, television 
technology................................  middle Fmstm 

3) Developing of science and technology caused new 
generation of products every 3-5 years, for example in 
production of cars, operational programmes for 
PCs..........................................  big Fmstb    

4) Developing of science and technology caused new 
generation of products every 5-10 years, for example 
in production of mobile phones, 
medicaments...........................  very big Fmstvb. 

3.5. Integral typology of factors 
 

Theoreticians of organization science systemized, selected 
and grouped the most influence factors of organization 
and create the new typology of organizational factors. The 
name of new typology is Integral typology and is 
composed by situated, structural, contextual and process 
factors. As other organization factors are already 
described will be described importance and influence of 
two main process factors. Flexibility and adaptability. 
 
3.5.1. Flexibility 
Flexibility is measure of changeability of enterprise, its 
ability to respond on changes in a system and changes in 
an environment with existed resources and organizational 
structure, i.e. its ability to function in changeable 
circumstances. Each of structure has to have techniques 
and resources to predict the changes and to react on them. 
With this, enterprise create the own flexibility in and out 
of organization. Every organization, depending about 
factors of organization and own specificities, has to find 
measure between stability and flexibility. 
 
3.5.2.Adaptability   
Adaptability is a measure of system adjustment, its ability 
to adjust owns self to changes in environment. Every 
enterprise which wants to have continuously success has 
to continuously adapt to demands of environment and to 
the factors of organization. Even the changes in 
organization are necessary, stability is necessary to ensure 
survival. Adaptation of organization structure is most 
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important change in enterprise. Changes in structure 
attempts of organization to adapt own self on changes 
caused by growing of enterprise and changes in 
environment. To determine the type of organizational 
structure preferred by system, adaptability and flexibility 
has to be classified, (13) and (14): 
 

 Classes of  flexibility are Fmf  = Va, Vb, Vc , ( 13 )  
 Classes of adaptability are  Fma = Va, Vb, Vc ,  ( 14 ) 

 

depending about smaller or bigger changes which 
happened in and out of system. The level of changes 
which happened in environment describes the conditions 
determined by external factors of organization:  
 

1) small changes: 
 Institutional environment is stable, changes are 
slow and rare,  

 Institutional environment is simple, with small 
number of variable factors,  

 Integration processes no exist, 
 Competition is weak or not exist, 
 Developing of science and technology are rare and 
slow, one time in 15-20 years, 

To small changes in environment will be joined 
classification mark for small influence of adaptability and 
flexibility factor on organization structure: 

 Organizational factor of flexibility with small 
influence.................................................  Fsfs   

 Organizational factor of adaptability with small 
influence.................................................  Fsas .  

2) middle changes: 
 Institutional environment is stable, changes are 
slow and rare 

 Institutional environment is complex, with lot of 
variable factors 

 integration processes in environment have small 
influence on organizational structure 

 on market are strong competition 
 Developing of science and technology caused new 
generation of products very 3-10 years. 

To middle changes in environment will be joined 
classification mark for middle influence of adaptability 
and flexibility factor on organization structure: 

 Organizational factor of flexibility with middle 
influence................................................  Fsfm   

 Organizational factor of adaptability with small 
influence................................................  Fsam. 

3) big changes: 
 Institutional environment is unstable, changes are 
frequent and fast 

 Institutional environment is complex, with lot of 
variable factors 

 Integration processes in environment have very 
strong influence on organizational structure 

 On market are very strong competition 
 Developing of science and technology caused new 
generation of products very 1-2 years. 

To big changes in environment will be joined 
classification mark for big influence of adaptability and 
flexibility factor on organization structure: 

 Organizational factor of flexibility with big 
influence................................................  Fsfb   

 Organizational factor of adaptability with big 
influence...............................................   Fsab . 

4. CHOOSING OF BASIC TYPE OF 
ORGANIZATIONAL STRUCTURE   

 
In table 9 is shown interdependence of internal, external 
and process factors of organization and basic types of 
organizational structures. Some factors act independently 
and an interaction with other relevant factors is necessary 
to determine to which classes of factors responding 
relevant organizational structures. For some of basic types 
of organizational structures are possible to respond to two 
classes of same factor, not only one.  
Functional structure is more frequent at 1. phase of life 
cycle. She is applied mostly in small and middle but and 
in big enterprises with only one or few products, with 
simple routine technologies which work in stable 
environment. System is much formalized, communication 
paths are long, decisions making are slow and inadequate 
for changes which happened internally and externally. 
System is inflexible and inadaptable. Strategy, product 
and location are most influenced factors on 
organizational structures. 
Divisional structure is reaction on diversification of 
products, territories and markets. Diversification is 
mainly caused by growing of organization. Applications 
of divisional structures are mainly in big enterprises in 
second or 3. phase of life cycle. Decentralization is bigger 
but formalization is still strong what caused growing of 
responsibility and flexibility on outside demands. 
Strategy, product and location from internal factors, 
institutional and market from external factors are most 
influenced factors on organizational structures. 
Matrix structures appear as respond on changes in 
environment and this structure is between mechanical and 
organic structure. Is applied in 4. phase of life cycle. Its 
basic structure is mainly functional, on which is added 
secondary structure, mainly divisional or project structure 
(territorial coverage of market, diversification of 
production program or work on few projects in same 
time). Organizational changes are permanent, caused by 
products or technology, market or institutional factors. 
Flexibility is bigger. She is applied in big enterprise whit 
more different products and work on different territory. 
Strategy and location from internal, developing of science 
and technology as external factor and flexibility as 
process factor are most influenced on matrix structure. 
Multi structure (mixed) is combination of different, 
mainly mechanical and adaptable organizational 
structures, on different levels and in different 
organizational units which with organizational adjusting 
accurate the realization of tasks. The main part of 
researchers defines multi structure as first organic 
structure. Its dual structure or multi structure give her 
ability to easier, more flexible and successfully resolve 
the internal and external factors demands on all levels of 
organization. On this way adaptability growing and this is 
basic characteristic of organic structure. Strategy, 
technology and location as internal, then institutional, 
integration and developing of science and technology as 
external factors and adaptability as process factor are 
most influenced on multi structure. 
Organic structures make flat organizational with wider 
span of control. Decisions are making faster, knowledge 
of middle management is bigger and authority is higher, 
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same as responsibility. Organization is divided on lot of 
organizational units with bigger autonomy. They are 
oriented on task and have better economical and 
managerial control. They are connected between 
themselves and with all system by computers and 
communication network and use the advantages of small 
(better control, efficiency and faster responding on 

changes) and economy of big enterprises. Individual 
creativity comes out in a full range. In turbulent 
environment her application is necessary. Strategy and 
technology as internal, institutional and developing of 
science and technology as external and adaptability as 
process factors of organization are most influenced on 
organic structure. 

 
Table 9. Relationships between analyzed internal, external, process factors and basic types of organization structures  

 
5. CONCLUSION 
 
Strategy is the most influence organizational factor. It 
determines the way how will be reached the aim (mission) 
of organization, developing and future of organization. He 
determines all other factors of organization. Only this 
factor is defined and supervised by owner, who fixed the 
aim of organization. Why strategy is not taken on start as 
factor who determine the structure. Because the structure 
is reflex of huge number of known and unknown 
changeable factors and was intention to structure be result 
of analyses of most important ones and their influences on 
structure but and between themselves. Method push us to 
all mentioned factors be analyzed, classified and on this 
bases to be pick out one of basic type of organizational 
structure. If results give us two possibilities, the strategy 
will give us final choice. 
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Abstract: The last years of the past century were 
characterized by the rapid development of engineering. 
Technical sciences have also made their evolutionary 
leap. What is still missing is a generally accepted 
scientific subject that systematizes the existing knowledge 
in one scientific complex, based on the general principles 
in the structure, design and use of the technical systems. 
The paper presents results from the analysis of the object 
of the study and the contents of a general science of the 
technical systems. 
 
Key words: system for the conversion of matter, energy 
and information, technical system, executive organs of the 
technical systems 
 
 
1. INTRODUCTION 
 
To ensure their continued existence human beings 
incessantly organize artificial processes in nature whose 
purpose is to change the properties of the object of impact 
in a way that is needed. It has been conclusively proved 
that the desired transformation of the object can be 
achieved through targeted impact of physical, energetic or 
informational nature [2, 4, 5, 6, 8, 9, 12, 13, 14]. 
The development of engineering is associated with the 
aspiration of man to transfer his functions to a machine, in 
the artificial processes organized by him. In the beginning 
he replaced his hand with a wooden or stone wedge, then 
he ceased to be the source of energy, and finally he 
transferred the process control to the machine. At present, 
man has created a large amount of technical means - 
complex technical systems that he uses in all fields of his 
activity. 
Along with the development of engineering, machine 
science has also undergone an evolutionary development. 
Well-developed branches of engineering sciences have 

been designed that study the engineering objects 
according to the different spheres of human activity – 
machine-building, transportation, agriculture, 
construction, etc. Over the years there have also been 
developed such engineering subjects as the theory of 
machines and mechanisms, machine elements, strength of 
materials and mechanics that clarify questions, valid for 
all machines. 
The world of science still lacks a common subject that 
will sort the existing knowledge about the technical 
systems into a single set of concepts, definitions and 
general principles based on the common things in their 
structure, design and use. In other fields of knowledge, for 
instance, those of minerals, animals, plants and human 
society, the studied object is classified and examined in 
the stringent framework of a unified scientific system. 
A number of scientists [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, 18] in the field of engineering have 
contributed to solving this complex problem. In the works 
of Prof. Hubka the contents of a general science of 
machines has been outlined, but there are still some 
important items that have remained poorly defined: 
1. the structure (matrix) of the existing information about 

machines has not been described so that each machine 
would take its place in it; 

2. no abstract model of the system for conversion of the 
matter, energy and information has been designed, a 
model which can clarify objectively the internal links 
in it and which can be valid for all artificial processes 
in nature, organized by man; 

3. no abstract model of the machine based on its 
executive organs has been designed, so that this model 
would be valid for each specific case, too; 

4. there have been proposed no conventional algorithms 
for functional and structural analysis as well as 
synthesis of the technical systems, based on the 
hierarchical relationship between the system for the 
conversion of matter, energy and information, the 
technical system and executive organs of the technical 
system. 

 
2. STRUCTURE (MATRIX) OF THE 

EXISTING INFORMATION 
 
The artificial processes organized by man involve 
complex systems of a different origin. The processes 
themselves take place in an environment, whose 
components, in most cases, cannot be precisely defined. 
The human subject uses various technical means to 
implement pre-planned impacts on the object. The 
uniform approach to the study of technical systems 
requires the design of such an abstract model that is 
stripped of the specific information and for which all 
general laws are valid. The determination of the 
appropriate level of generalization can be illustrated by 
the diagram shown in Fig 1. 
According to their origin the systems in nature are divided 
into natural and artificial ones. Natural systems are 
organic and inorganic. Artificial systems are man-made. 
They in turn are chemical, social and technical ones. The 
classification of technical systems according to their 
origin coincides with the conventional classification of 
areas of their use – machine-building, transport, 
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agriculture, construction, etc. The diagram has developed 
further the classification of the technical systems used in 
the field of transportation. The transfer to an even lower 
level of generalization is illustrated on the diagram by 
tracing the classification of vehicles. The diagram can be 
completed for instance, with the classification of cars 
depending on the fuel tank capacity of engines and their 
design features. 
The technical systems in other areas of human activities 
can be classified in a similar way. This has already been 
done in existing branches of technical sciences or is being 
done in the emerging technical sciences. 
The diagram presented in Fig.1 is one possible way of 
classifying and systematizing man-made technical 

systems. It shows the location of each particular technical 
subject and at the same time the "matrix" is open for the 
addition of new branches. 
 
3. ON THE OBJECT OF RESEARCH IN THE 

NEW SCIENTIFIC SUBJECT 
 
Another thing that is seen from Fig.1 is that the object of 
study in a general science of technical systems should be 
such an abstract machine that does not carry the specific 
features of the different technical systems, used for 
example, in machine-building, transport, agriculture or in 
construction. 
 

 

 
 

Fig.1. Classification of systems according to their origin 
 
At the same time this abstract machine must possess all 
those properties that are common to all existing technical 
systems. Such a high degree of generalization can be 

achieved by going out of the scope of the individual 
branches of engineering sciences, and by creating an 
interdisciplinary science, in which the object of study is 
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the abstract technical system, devoid of any specific 
features. 
The contents of a general science of the technical systems 
should provide answers to the following questions: 

 conceptual system used; 
 systematics of the technical systems; 
 system for the conversion of matter, energy and 
information; 

 technical system; 
 executive organs of the technical system; 
 generalized algorithms for functional and structural 
analysis and design of the technical systems; 

 operation cycle of technical systems; 
 evolution of the technical systems. 

A number of scientists have devoted their studies to 
clarifying the above-defined basic principles [2, 3, 5, 6]. 
Going beyond the scope of individual technical sciences, 
they have created the knowledge base, related to the 
general principles in the creation, structure and use of 
technical systems.  
At present we are witnessing an extremely great variety of 
technical systems designed and used by man. The time 
has come that this "information space" be structured. 

From this point of view the general theory of technical 
systems should contribute to clarifying the overall picture 
in the field of engineering and to establishing the 
boundaries and interconnections between the individual 
scientific subjects. 
 
4. A MODEL OF THE SYSTEM FOR THE 

CONVERSION OF MATTER, ENERGY 
AND INFORMATION 

 
In the artificial processes organized by man, the technical 
system is the means by which the pre-planned effects on 
the object are realized. The desired change in the 
properties of the object takes place within a system for the 
conversion of matter, energy and information [5, 8, 12, 
13, 14, 16, 17, 18]. From a hierarchical point of view, this 
system is of the highest level of complexity. The elements 
of the system (the human subject, the technical system 
and the object of impact), as well as the environment 
outside the system, are of a different origin. Each of these 
systems is studied in a corresponding field of human 
knowledge

 

 
 

Fig.2. An improved model of the system for the conversion of matter, energy and information 
 

One of the milestones in the structuring of a general 
science of the technical systems is the design of a 
common abstract model of the system for the conversion 

of matter, energy and information. So far there has been 
no generally accepted model for the abstract 
representation of that system which meets the utmost 
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requirements for a high degree of generalization. Apart 
from the need to clarify objectively the links between the 
elements of the system for the conversion of matter, 
energy and information, the model should also comply 
with the following requirements: 
- use of the apparatus for abstract representation of 
systems, designed in technical cybernetics; 
- displaying the structure of the system according to the 
principles of interoperability; 
- defining the environment as an external element for the 
system and examination of the technology in which the 
change in the properties of the object of impact is carried 
out as an objectively existing action plan (prescription, 
algorithm). 
The proposed model of the system for the conversion of 
matter, energy and information is shown in Fig.2.  

The diagram uses the following indications: 
1
iС  –a set of 

the properties of the object before the process; 
2
iC  – a set 

of object properties after the process; M - material flow, E 
- energy flow; I – information flow. 
In the model shown in Fig. 2 operators are the human 
subject and the technical system.  
All modern technical systems have arisen as a result of 
the human effort to transfer its functions to the machine. 
From the stages in the development of engineering it is 

known that in ancient times the human has made the 
desired changes in the properties of the object without 
using technical means. Later he replaced his hand with a 
wooden or stone wedge, but for a long time afterwards he 
remained the only source of energy. Then the human 
began to use the energy of animals, water and wind. The 
steam engine was the first artificial source of energy 
created by man. Nowadays, technical systems use various 
in-built types of modern energy sources. Thus, technical 
systems have utilized the second substance in the process 
– the energy. The rapid development of automation and 
the use of digital electronic devices in control systems is a 
prerequisite for making use of the third substance in the 
artificial processes organized by man and that is 
information. 
It is clear that the interaction between the human and the 
technical system depends on the degree of utilization of 
human functions by the technical system. Therefore, it is 
the means through which man acts on the object. In Fig.2 
the technical system is presented as a linking element 
(second operator) between man and the object targeted for 
impact.  
If the sole operator in the system for the conversion of 
matter, energy and information is the human, the object 
properties change as a result of the direct impact of man 
on the object (Fig.3). 

 

 
 

Fig.3. A model of the system for the conversion of matter, energy and information in which an 
operator is solely the man 

 
The change of the object properties is done through the 
use of a technology, which is known in advance and has 
been accepted by man as an action plan during the 
process. 

If the only operator in the system for the conversion of 
matter, energy and information is the technical system, 
the properties of the object of impact change as a result of 
the direct impact of the technical system on the object 
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(Fig.4). Due to the absence of the human subject, it is 
necessary that the technology used to change the object 

properties be introduced in one of the executive organs of 
the engineering system (the controlling one). 

 

 
 

Fig.4. A model of the system for the conversion of matter, energy and information, in which an operator is solely the 
technical system 

 
The preliminary planned change of the object properties is 
done according to a technology (prescription, algorithm), 
which is previously known. It remains unchanged 
throughout the total process or varies depending on the 
intermediate results obtained. The objective nature of the 
technology is emphasized by its separation from the 
operators and its connection to them through an 
information channel.  
The object of impact is the passive element in the process. 
It passes successively through the exactly specified states 
of matter in the technology and its properties are changed 
step by step in the desired direction. The objects of impact 
in the processes organized by man have different origin. 
targeted impact. 
The object properties at the beginning of the process can 
be defined by the position vector ( )11

2
1
1

' ,...,, ni CCCC = , where 
C is the corresponding property of the object, the base at 
C is the number of the specific property, and the exponent 
is its size (the measure). At the end of the process the 
object properties have changed and its state can be 
described by the vector of ( )22

2
2

1
2 ,...,, ni CCCC = . The 

necessity of the change of the object properties arises 
either due to the unsatisfactory condition 

1
iC  or due to the 

need that has emerged
2
iC . 

The environment in the proposed improved model of the 
system for the conversion of matter, energy and 
information is carried out of the system boundaries. It 
includes only those elements of the real environment, 
which are linked to the system components. In many 
cases it is impossible to define precisely all the sources of 
external influences. In the most general case the elements 
which are included in the environment involve the 
geosphere, biosphere, atmosphere and techno-sphere. 
Therefore the environment is connected with the elements 
of the system by bi-directional channels of physical, 
energetic and informational nature. 
 
4. CONCLUSION 
 
As a result of the analysis, the object of study has been 
defined and the contents of a general science for the 
technical systems have been synthesized. 
 A classification of man-made technical systems in 
accordance with the fields of their use is proposed. This 
classification shows the location of a particular technical 
object, and at the same time the "matrix" is open for the 
addition of new branches. 
A model of the system for the conversion of matter, 
energy and information has been proposed, which was 
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designed using the set for an abstract representation of the 
systems of technical cybernetics. The system structure has 
been depicted in accordance with the principles of 
functional consistency. The environment has been taken 
outside the system boundaries, and the technology used to 
change the object properties has been defined as an 
objectively existing action plan. 
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GENERALIZED ALGORITHM FOR A 

FUNCTIONAL - STRUCTURAL 
ANALYSIS OF TECHNICAL SYSTEMS 
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Abstract: A generalized algorithm for functional-
structural analysis of the technical systems based on the 
hierarchical relationship between the system for 
conversion of material, energy and information, the 
technical system and the executive organs of the technical 
system, is proposed.  
The universality of the proposed algorithm is a 
prerequisite for solving important problems in the theory 
of the technical systems for revealing regularities, 
generally valid for all technical objects and transferring 
knowledge from one scientific field to another one. 
 
Key words: system for transforming of material, energy 
and information, technical system, executive organs 
(units) of technical systems, algorithm for functional- 
structural analysis. 
 
 
1. INTRODUCTION 
 
The second half of the twentieth century was 
characterized by a rapid development of technology and 
related technical sciences.  
The wide variety of technical means - complex technical 
systems - designed and used by human in all the diversity 
of its activities and the highly developed branches of 
technical sciences lead to the present complicated state in 
the field of techniques. 
Currently knowledge of technical systems is obtained 
through training in various technical subjects. Despite the 
aspiration after griping fully the existing information it is 
clear, it is not possible to obtain specific knowledge about 
each technical object. As a result, the engineers after 
higher education, not only objectively have a deficiency 
of specific knowledge in their field of study, but 
furthermore they do not receive the necessary information 
on the whole picture in the field of techniques. 
An increase in the quality of engineering training can be 
achieved if the university curricula introduce a new 

subject concerning techniques, revealing the general 
regularities in the construction, design and exploitation of 
the technical systems. The investigated object in this 
scientific subject, which is beyond the individual branches 
of the technical sciences, is the abstract machine. On one 
hand, this abstract machine is an element of the system 
for transforming material, energy and information, 
standing at a higher level; on the other hand, it is itself a 
complex system consisting of executive units, interacting 
to each other.  
From a systematic point of view, the executive organs are 
also systems having their own structure and where pass 
parallel internal processes.  
A similar approach to study the object of knowledge in 
other scientific fields, exploring  minerals, plants, animals 
or human society, has led to rising of generally adopted 
interdisciplinary scientific complexes. 
The contours of a general scientific subject about 
technical objects are outlined in the researches of many 
famous scientists [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18]. 
However, there are poorly understood issues [5, 9, 13, 14, 
17, 18], one of which is the creation of a generalized 
algorithm for functional-structural analysis based on the 
internal hierarchical relationship between the system for 
transformation of material, energy and information and 
the executive units of the technical system. 
 
2. GENERALIZED ALGORITHM FOR 

FUNCTIONAL-STRUCTURAL ANALYSIS 
OF THE TECHNICAL SYSTEMS 
 

A basic problem, met during the synthesis of a 
generalized algorithm for functional-structural analysis of 
technical systems, is the combination of requirements for 
universality of the algorithm and the specificity of the 
task for a functional-structural analysis, which is always 
solved for a particular technical object. Therefore, the 
generalized algorithm for a functional-structural analysis 
should present such a universally valid accumulation of 
consecutive operations, which is applicable in each case. 
Assuming that individual technical objects compose an 
"information space" of the man-made technical systems, 
then the generalized algorithm of the functional-structural 
analysis must fulfil the role of "navigation software" in 
this space. If an “unexplored” object comes across, the 
generalized algorithm, through its tools, should support 
the independent acquisition of new knowledge.  
Through the medium of such approach it is possible to 
solve also the important problems in the theory of 
technical systems. Detecting regularities valid for all 
technical facilities will allow the flow of scientific 
knowledge from one scientific field to another one. 
In a hierarchical perspective the technical system is an 
element of a higher level system for transformation of 
matter, energy and information. Within this system it 
interacts with other elements (human and object) and with 
environment. Through this interaction, performing the 
principal function (purpose) of the technical system and 
by its means is achieved the desired change in the 
properties of the object. Applying systematic approach, 
the technical system could also be presented like a 
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complex system consists of elements interacting with 
each other. Its inputs and outputs can 
objectively be clarified only if it is considered as an 
element of the system of transformation of matter, energy 
and information. Implementing the main function of the 
technical system its elements also interact, i.e. in technical 
system runs parallel internal process. 
In the machine sciences an object of study is the specific 
technical system. After clarification of its structure and 
the characteristics of the processes running in it, the 
functional-structural analysis continues on the lower 
level, whereas object of study are taken the executive 
units of the technical system. Rarely, during the 
functional-structural analysis, the system for 
transformation of material, energy and information is 
involved, standing at a higher level, whose element is the   
technical system itself. 
From a systematic point of view it is more correct (Fig. 1) 
that the functional- structural analysis of the technical 
systems starts at a system for transformation of material, 
energy and information (I level), continues to the  
technical system (II level) and  finishes at the level of the 
executive units of the technical system (III level).  
 

 
 

Fig.1. Hierarchical relationship between the system for 
transformation of matter, energy and information, the 

technical systems and the executive units of the technical 
system 

It would not be reduced the methodological role of the 
generalized algorithm for a functional-structural analysis 
if at the different levels is applied the approved way of 
presenting information in various branches of the 
engineering sciences and the appearing there  
terminology. 
On Fig. 1 are used the following symbols: TS - technical 
system; EN – environment; EU, 1...5 - executive units 
(organs) of the technical system. 
The first step for the different levels of the generalized 
algorithm for a functional-structural analysis, shown on 
Fig. 1, is the definition of the primary function (purpose) 
of the respective system.  
The main functions of the systems at the different levels 
also have a vertical hierarchical dependence. 
 By the means of a technical system is realized the desired 
alteration of the properties of the object in the system for 
transformation of material, energy and information.  
The executive organs of the technical system fulfill their 
purpose, interacting within the ongoing internal technical 
process. 
The executive units themselves are also composed of 
structural elements. They interact within the range of the 
parallel internal processes occurring in the executive 
units. 
The next step of the generalized algorithm is to clarify the 
structure of the technical system and an analysis of the 
internal process in it. 
The elements of the system for transformation of matter, 
energy and information are of various origins and in the 
most general case, the relations between them have a 
material, energetic or informational nature.  
The desired change of the properties of the operand is 
done by a technology (recipe, algorithm), which was 
previously known.  
Due to the high degree of generalization at this level of 
the functional-structural analysis, it is appropriate that the 
system for transformation of material, energy and 
information and its internal process, to be presented in an 
abstract way. 
In turn, the technical system consists of executive units 
which relate each other also in a material, energetic or 
informational nature. In implementing the basic function 
of the technical system, its executive units interact, i.e. an 
internal technical process takes place in it.  
The issue of abstract presentation of the technical system 
by its elements (its executive units) and by objectively 
existing relations between them is not resolved at the 
appropriate level to date. The main reason is the wide 
variety of technical systems developed and used by 
people in different areas of their activities.  
Additional difficulty appears by the fact that it is 
necessary to define such abstract executive organs that are 
present in the structure of any technical system.  
Known methods for constructing the functional structure 
and the structure of organs in the technical system are not 
applicable to the examined case [5, 8, 9, 14, 18].  
They were created for realization of individual stages in 
system design and therefore are always specific. 
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Fig.2. A generalized algorithm for functional-structural 
analysis of the technical systems 

Solution can be found if the executive units of the 
technical system are attributed to one of the following 
five main groups: 

 Working outfit; 
 Source of energy; 
 Transmission; 
 Suspension (supporting) system; 
 Control system. 

The proposed five main groups of executive organs can 
also be considered as a system of lower hierarchical level. 
In different branches of technical sciences these executive 
organs are studied in their concrete realization. 
Despite the low level of generalization, at this level of 
functional-structural analysis it is appropriate to use 
methods of abstract representation. Suitable for this 
purpose is the model of the technical system based on its 
executive units. 
The structure and the action of the executive units are 
studied in various technical objects. Some systematization 
can be obtained if each executive unit of the technical 
system is related to one of the mentioned five main 
groups. 
The algorithm for a functional-structural analysis, 
developed, based on the presented above considerations, 
is shown in Fig. 2. It is structured in three stages and 
within each level it consists of four identical operations. 
In the block diagram in Fig. 2 are used the following 
symbols: FSA – functional-structural analysis; TS - 
technical system; STMEI - system for transformation of 
material, energy and information; EU - executive unit. 
It is seen from Fig. 2 that the functional-structural 
analysis of the executive units continues until their 
depletion. Each of them should be studied in its concrete 
realization. Therefore, at this level it is appropriate to use 
the established methods for analysis and graphical 
presentation of the executive units in various technical 
sciences. 
The functional-structural analysis should be completed 
with an evaluation of the effectiveness of the ongoing 
processes in the systems of the different levels. The 
efficiency of the performed change in the properties of the 
operands in the system for transformation of matter, 
energy and information can be defined as the ratio 
between the usefulness of the process and the costs 
incurred for its implementation.  
The effectiveness of the ongoing internal technical 
process in the technical system can be determined by a 
quantitative assessment of the properties of the technical 
system, and the efficiency of the parallel internal process, 
taking place in the executive units of the technical system 
- by an analysis of the advantages and shortcomings of the 
specific executive units. 
 
3. CONCLUSION 
 
The proposed generalized algorithm for a functional-
structural analysis of technical systems is based on the 
hierarchical relationship between the system for 
transformation of matter, energy and information, the 
technical system and the executive units of the technical 
system.  
Therefore, it is structured in three stages and within each 
level it consists of four identical operations. 
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In the basis of the proposed algorithm underlies the 
abstract presentation of the system for the conversion of 
matter, energy and information and the technical system. 
This determines the general validity of the algorithm and 
the possibility of its use in each specific case, too. 
The algorithm is a prerequisite for solving important 
problems in the theory of technical systems for the 
disclosure of regularities, valid for all technical objects 
and for the transfer of knowledge from one scientific field 
to another one. 
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Abstract: Mass customization is a paradigm addressing 
the production of multiple product variants with efficiency 
and costs equal or close to mass production. The 
companies adopting the mass customization strategy often 
consciously embrace the strategy and the concept of mass 
customization. Opposite to them, there are companies that 
deal with mass customization on the daily basis at the 
same time not being aware of their position of mass 
customizer on the market. These companies are often the 
ones that begun their existence as the craft producers and 
in the mean time grown in their production volumes. 
Main problem in dealing with customers for this type of 
company is successful management of their solution 
space, mainly dealing with optimal number of product 
variants enabling the efficient production. The paper will 
address the need for successfully dealing with 
configuration of different product variants internaly (at 
the back end). The paper will propose the use of 
DriveWorksXpress, a part of SolidWorks software 
package, as an efficient internal configuration tool 
suitable for industry use. Use of DriveWorksXpress will 
be shown on the example of refrigeration cabinets. 
 
Key words: Mass Customization, Configurator, 
SolidWorks, Internal Configuration, Refrigeration 
Cabinets 
 
 
1. INTRODUCTION 
 
Mass customization is the paradigm which appeared [1] 
and was named [2] at the end of the 20th century. It 
represents successor of mass production but also her 
contemporary. The goal of mass customization is to 
produce a product with an efficiency near to mass 
production. 

Critical moments in the mass-customization are: 
1. product variants 
2. product prices 
3. period of the product delivery 
A very important parameter for the company is the 
solution space which the company should determine for 
itself if it wants to successfully implement the mass-
customization [3]. Solution space is closely related to the 
product configurator that can be online configurator or 
solution that is installed at the showroom of the 
production company [4]. Product configurator should 
present that solution space successfully, comprehensibly 
and interactively to the customer. 
The paper is based on the assumption that the 
configurators can be external and a internal [5]. Every 
variant has its advantages and its shortcomings, which 
will be analyzed in the paper and practically shown on the 
example of refrigeration cabinets production. 
 
2. THE MASS CUSTOMIZATION COMPANY 
 
The company which wants to respond to the challenge of 
producing a large product variety, rapidly and at a 
reasonable price, must organize its production in a certain 
way – Fig. 1. In the basis of this production system there 
is a PUSH-PULL principle of production [1][6] based on 
modular design [7], product platforms and product 
families [8][9][10]. 
 

 
 

Fig.1. Model of production system built on basis of 
effective production systems and oriented on mass 

customization market [6] 
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In order to effectively execute and produce large orders of 
product variants, there is a need for product configurator 
that is successfully linked to the production system and as 
such allows the collection of orders in a way that is 
suitable for the later launch of production. This, in itself, 
will not determine whether sales configurator will be 
online configurator or not, or whether it will be external 
or internal. This will mainly depend on other factors such 
as the type of products produced, the type of mass 
customization the company does [11] etc. 
 
3. CONFIGURATOR TOOLS 
 
All previously done studies on the behavior of customers 
and their preferences [12]show that different customers 
have different requirements in terms of ways of buying 
products. This is particularly reflected in the product 
configurator case and the willingness of customers to use 
it when buying a product [13]. 
In case of any configuration, company can use two types 
of configuring: 
1. External configuration - Fig. 1, Fig. 3 
2. Internal configuration – Fig. 3 

 

 
 

Fig.2. External online product configurators [6] 
 

 
 

Fig.3. External and internal configurator tools 

Internal configuration is not suitable for every production. 
It is not nearly so attractive as the external configuring 
that is mostly done online (Fig. 2), but it is more than 
sufficient, maybe even preferred for some types of 
specialized productions. One of those types of products 
are specialized refrigeration cabinets. 
Assumptions needed in order to implement this type of 
configurator are: 
1. That the buyer sees a benefit in using help of company 

staff (salesman or engineer staff) in defining its 
product. In other words, that company staff helps 
customer to express his desires better. For specific 
goods (such as refrigeration cabinets) very often 
customer is not aware of what would suit him. 
Configuration process with a qualified staff can 
provide needed explanations and guidelines. 

2. That company staff makes configuration process 
easier and faster for the company. 

3. That the customer is familiar with the quality of 
operations of the company and certain of the quality of 
its products.  

4. That the company has a software solution which is 
suitable for internal configurator use and 
implementation. 

The application of DriveWorks Xpress as an internal 
cofigurator tool will be discussed in the remainder of the 
paper. Advantages of using such tool in practice will be 
emphasized. 
 
4. DRIVEWORKS XPRESS 
 
DriveWorks Xpress is a design automation tool fully 
integrated into SolidWorks environment.  
Some of the reasons why companies want to automate its 
own production are to: 

 Respond quickly to sales enquiries 
 Reduce repetitive tasks 
 Reduce the cost of custom design 
 Enhance product quality 

DriveWorks enables engineers to: 
 Capture and re-use design knowledge 
 Drive dimensions, features and custom properties 
 Automatically create drawings for each part and 
assembly 

 Incorporate design rules to minimize errors and the 
cost of manual mistakes 

 Liberate design engineers from repetitive tasks in 
order to concentrate on new designs 

Working in DriveWorks consists of two steps that have to 
be done:  
1. setting up the project and  
2. running new models from the project that has been set 

up.  
In the first step, the decision has to be made which 
parameters in the model will be controlled. It is possible 
to drive dimensions, suppress/unsuppressed features, 
change custom properties and file names, create drawings 
and generate documents.  After that, the user interface is 
created where the input values will be entered. The user 
interface is a simple form which enables the user 
(customer with help of company staff) to control the 
model. For instance, values can be entered manually or 
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selected from a previously defined list. Rules are defined 
in order to determine the model behavior and they are 
linked to the inputs on the form. The second step is the 
creation of new model variants which is achieved by 
entering new values into the previously created form. This 
step can be run over and over again. The outputs are 
generated new 3D models as well as their corresponding 
drawings.  
Next we will show some of the possibilities in 
DriveWorksXpress that enable user to control model 
variants. The basic model of the refrigeration cabinet 
from the example showed in Fig.4 . 
 

 
 

Fig.4. Refrigeration cabinet 
 
Our goal was to create different variants of the 
refrigeration cabinet by controlling its:  

 overall length,  
 overall height,  
 number of glasses on front of it,  
 number of shelves in the cabinet,  
 2 variants for opening/closing glasses and the color of 
some parts.  

Certainly, many other parts and features can be 
controlled, but we decided to show only these, because 
they are the most noticeable changes in comparison to the 
basic model.  
New cabinet models could be done manually, but that 
changes would be time consuming. For example, if we 
want to change the overall length, we would have to 
change the length of every component that is affected by 
this request. On the other hand, in DriveWorksXpress, we 
enter only one value in the form (overall length) and 
define rules for every part that has to be changed. Every 
part that affects the length of the model is changed and 
some parts that do not have to be seen are suppressed. 
This means that we are able to change the length of the 
model with a single click. New variant of the refrigeration 
cabinet with the changed length is show on Fig. 5. Some 
parts color are also changed. These changes are created in 
real time and they last only few seconds.  
After the customer is satisfied with the result, all drawings 
are created automatically. Every part now has a new 
drawing. This also means that the main assembly drawing 
is updated with the new model changes. The bill of 
materials now corresponds to the newly created model 
variant: one glass instead of two, two shelves instead of 
four and fewer elements in the base construction. Newly 

created assembly drawing with bill of materials is shown 
in Fig. 6. 
 

 
 

Fig.5. Refrigeration cabinet with different overall length 
 

 
 

Fig.6. Assembly drawing with its corresponding bill of 
material 

 
5. CONCLUSIONS 

 
Reasons for implementing internal configuration tool for 
the company in the example are: 
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1. The company already has licensed Solid Works CAD 
software. This makes this type of internal configurator 
fully compatible. 

2. The company is having a hard time dealing with 
endless number of variants the market is asking and 
has a need for configuration tool. 

3. Using DriveWorks Xpress shortens the time to 
market. 

4. Using DriveWorks Xpress saves money because the 
external configurators are more expensive. 

5. Configuration can be done immediately and be 
approved by the customer - this eliminates mistakes 
made by translating customer demands afterwards into 
the CAD drawings and BOM. 

6. Engineers can efficiently use their time, not being 
worried with generating of BOM. The BOM is 
automatically generated after the configuration 
process. 

 
 
 
 
 
REFERENCES 
 
[1] Koren Y. The Global Manufacturing Revolution – 

Product-Process-Business Integration and 
Reconfigurable Systems, 2010, John Wiley & Sons, 
Hoboken – New Jersey, USA 

[2] Davis S.M. Future Perfect, Addison-Wesley 
Publishing Company, New York, USA, 1987 

[3] Piller, F.T., Tseng, M. The Customer Centric 
Enterprise: Advances in Mass Customization and 
Personalization, Springer, 2003 

[4] http://www.configurator-database.com/  
[5] Blecker T., Abdelkafi N., Kreuter G., Friedrich G. 

Product Configuration Systems: State-of-the-Art, 
Conceptualization and Extensions, Eighth 
Maghrebian Conference on Software Engineering 
and Artificial Intelligence, (MCSEAI 2004), 2004, 
Sousse, Tunisia 

[6] Suzic, N.; Researching the possibilities of applying 
concept of mass customization in effective 
production systems environment, magister's thesis, 
Faculty of Technical Sciences, Novi Sad, 2010 (in 
serbian) 

[7] Pine, J.B.; Mass Customization: The New Frontier in 
Business Competition, Harvard Business School 
Press, 1993, Boston, USA 

[8] Meyer, M.H., Lenherd, A.P.; The Power of Product 
Platforms: Building Value and Cost Leadership, Free 
Press, 1997, New York, USA 

[9] McGrath, M.E.; Product Strategy for High-
Technology Companies, Irwin Professional 
Publishing, 1995, New York, USA 

[10] Robertson, D., Ulrich, K.; Planning for Product 
Platforms, Sloan Management Review, 1998, pp 19-
31 

[11] Gilmore, J.H., Pine, J.B.; The Four Faces: 
Customization, Harvard Business review, 1997 

[12] Suzić N., Vrgović P., Rikalović A. : Potentials of 
Mass Customization on Furniture Market of 
Vojvodina, 4. International Conference on Mass 
Customization and Personalization in Central Europe 
MCP-CE, 2010, 163-167, Novi Sad, Serbia 

[13] Suzić N., Anišić Z., Ćosić I. : Reconfiguring 
Production and Organizational Structures for Mass 
Customization in Furniture Industry; Chapter 20 of 
Innovative Production Systems Key to Future 
Inteligent Manufacturing; Scientific Monography, 
University of Maribor, Faculty of Mechanical 
Engineeing, Maribor; Faculty of Mechanical 
Engineering, 2010, Maribor - Skopje, Slovenia - 
Macedonia 

 
 
 
 
 
 
 
 
 
 

 
CORRESPONDENCE 
 

 

Nikola SUZIC, Assist. Mr, Dipl.Ing. 
University of Novi Sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
suzic@uns.ac.rs 

 

 

Andras ANDERLA, Assist. M.Sc. 
University of Novi Sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
andras@uns.ac.rs 

 

 

Darko STEFANOVIC, Assist. Mr, 
Dipl.Ing. 
University of Novi Sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
darko@uns.ac.rs 

 

Ivica VEZA, Professor PhD, 
University of Split 
Faculty of electrical engineering, 
mechanical engineering and naval 
architecture 
R. Boskovica 32, 21000 Split, Croatia 
iveza@fesb.hr 

 

Nemanja SREMCEV, Assist. M.Sc. 
University of Novi Sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
nextesla@gmail.com 

 



 

 79

 
IMPROVING PRODUCT DESIGN 
EFFICIENCY USING DFX TOOLS  

IN PLM SURROUNDINGS 
 

Nemanja SREMCEV 
Nikola SUZIC 
Zoran ANISIC 

Valentina GECHEVSKA 
 
 
Abstract: Management of product lifecycle today 
represents a comprehensive way for managing all data 
related to development, design, production, maintenance 
and final disposal of manufactured goods. PLM 
surroundings helps customers to drive productivity with 
single source of product and process knowledge, where is 
possible to compare two or more product structures to 
identify changes or differences between the two or more 
product structures. The paper will deal with the term 
“design for excellence” also known as “design for many 
lifecycle issue” or DFx, where X is a variable 
representing the lifecycle issue of one’s choice. 
Product structures development using the DFx tools in 
Siemens PLM software - Teamcenter, and selecting the 
best variant of product structures of the manufacturing 
and assembly examples from practice is shown in this 
paper. The Benefits of combining PLM software and DFx 
tools are recognized and underlined. 
 
Key words: Product Lifecycle Management – PLM, 
Design for Excellence – DFx, Siemens Teamcenter 
 
 
1. INTRODUCTION 
 
Shortening of product lifecycles and increase of product 
varieties [1][2] are one of the main characteristics of 
today’s market development. In the up growing race for 
faster product release and indulging the needs and 
whishes of customer centric market, design of products 
has become one of the most important steps in the product 
development. Impacting all the late fazes of product 
lifecycle, design has direct influence on cost of the 
product and the production, ecology, ability for 
assembling or disassembling of the product and other for 
product lifecycle relevant issues. 
The development of sophisticated software tools in the 
field of Product Lifecycle Management (PLM) has 

opened a possibility for efficient product development 
and successful cooperation between engineers, not only 
having in mind the concurrent engineering, but also a 
collaboration between the different functions of the 
company. Managing of the projects in PLM software has 
taken development of products on a whole new level.  
 
2. PRODUCT LIFECYCLE MANAGEMENT – 

PLM 
 
The necessity to focus attention on the product has driven 
many companies to increase their efficiency by improving 
collaboration with partners, customers, and across all other 
company functions leading to extended enterprise. This 
has been obtained by the adoption of Product Lifecycle 
Management (PLM) [3]. 
Product lifecycle management represents a 
comprehensive vision for managing all data related to 
design, production, support and ultimate disposal of 
manufactured goods, in other words managing and using 
of enterprise data along the entire product lifecycle [4][5] 
Fig. 1. PLM software solutions help customers drive 
productivity with a single source of product and process 
knowledge, also improving teamwork through instant 
collaboration. 
 

 
 

Fig.1. Product (product development, productizing, 
product design, maintenance and marketing) process; 

order and delivery (customer) process [4] 
 

Three types of data can be stored in PLM data bases: 
product data, production data and operational support 
data. Product data describe how the product is designed, 
manufactured, operated or used, serviced and then retired. 
Production data focus on all activities associated with the 
production and the distribution of the product. 
Operational support data deal with the enterprise’s core 
resources, such as people, finances and other resources 
required for supporting the enterprise [6]. The required 
data is distributed to all organizational sectors providing 
the needed integration. 
One of the key elements of PLM, for design engineers, is 
the Digital mock up (DMU). It gives the possibility to 
asses the virtual prototype without a need of the physical 
one [6]. PLM systems offer the ability of integrating the 
design process with project management aspects 
providing needed verifications of all sides taking part in 
product development process, in that way downsizing the 
possibilities of mistakes in product design [7]. 
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3.  DESIGN FOR EXCELLENCE - DFX  
 
The concept development phase is one of the main 
knowledge intensive phases of the product lifecycle 
management [8]. In that frame a set of design tools is 
being applied by design engineers for obtaining the 
desired characteristics of the product in all stages of 
product lifecycle Fig. 2.  
 

 
 

Fig.2. Requirements to the new product set by different 
stakeholders [9] 

 
Design for Excellence (DFx) is an umbrella term used to 
denote design philosophies and methodologies which aim 
to improve designs by raising the designer’s awareness 
for a certain product lifecycle value or characteristic 
represented by ‘X’[10]. 
Design for Excellence covers a wide range of specific 
design guidelines. Each of them addresses a particular 
issue that is caused by, or affects the characteristics of a 
product [11]. In Fig. 3. development of DFx can be seen. 
Some of them will be mentioned below. 
 

 
 

Fig.3. The sequence of the development of the  
DFx’s [12] 

 
Design for Assembly (DFA) is one of the most important 
members of DFx family. The application of DFA results 
with product more suitable for assembly. The application 
of DFA could also result in more complex parts with 
additional features [13]. There is also a DFA for 
automated assembly. This type of DFA will for example 
enable the supplying of parts in right orientation for 
assembly process. Nowadays DFA is addressed in the 
frame of DFA/DFD where DFD is Design for 
Disassembly. 

Design for Manufacture (DFM) [14] includes a wide 
range of design rules and guidelines defined from the 
perspective of improving the manufacturability of parts. 
Applying DFM will impact directly on end process 
capability. DFM is with DFA a predecessor of all DFx 
tools. 
Design for Environment (DFE) has a purpose to reduce 
the potential risk a product could have to people and the 
environment by finding ways to prevent pollution. 
Design for Disassembly (DFD) and Design for Recycling 
(DFR) are a part of DFE tool. 
Other DFx’s that are most used are Design for Quality 
(DFQ), Design for Cost (DFC), Design for User 
Fulfillment (DFUF), Design for Mass Production 
(DFMASS), Design for Packaging (DFP), Design for 
Reliability and Maintenance (DFRM) and Design for 
Rapid-prototyping (DFR/VP). 
In the following example only three of the above 
mentioned DFx tools will be addressed - DFA, DFE and 
DFM. The advantages of using PLM software in 
enabling the efficient use of DFx tools will be 
emphasized.  
 
4. USING THE PLM TEAMCENTER 

SOFTWARE IN SERVICE OF DFX  
 
In this paper we show will usage of the PLM Siemens 
Teamcenter software in service of DF-x on the example of 
the most used four modules of Teamcenter software. One 
of them is used for the manipulation of files – My 
Teamcenter, second one for decision making – Workflow 
Process, third one for working with visualizations – 
Digital Mock-up, and fourth module for making structures 
of products – Structure Manager.  
After the marketing department investigates the market, 
they share that information with product manager, using 
Teamcenter (TC). Product manager collects necessary data 
from other departments of the company, from marketing 
department and R&D department, and shares that files 
with CAD designer in order to create first 3D model of the 
desired product. It is necessary that every project 
participant from time to time hits F5. F5 is refresh button 
in TC. After hitting that button, CAD designer sees shared 
task in his mailbox (Fig. 4.). 
 

 
 

Fig.4. Communication between product manager and 
CAD designer 
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CAD designer creates 3D model of scales on the basis of 
data he received from product manager. Very important 
thing is that every created data is stored on server, 
participant using only shortcuts of files not being able to 
delete the original of the file. Product manager shares data 
he got from CAD designer with other project participants. 
He sends them short explanation of the tasks they have to 
perform (Fig. 5.). 
 

 
 

Fig.5. Sharing of 3D model and giving instruction to 
DFx experts 

 
DFA engineer opens his mailbox and sees shared files he 
got from product manager. Product manager initiates 
workflow process and decides about the role of each 
engineer (DFM, DFA and DFE in this case). He defines 
the tasks of each person and how much time it will take for 
the whole process of decision making. In the first change 
the person responsible for initiation of the change is DFA, 
DFE, DFM and product manager decides if the change 
DFA made has a meaning. Status of the change is decided 
by product manager and notification about the status of the 
change is received by DFA – the initiator of the change. In 
process view of workflow – we can see the status of all 
scheduled activities in the process of product development. 
Available statuses are: green – finished and approved 
activities, yellow – activity that is now in progress, grey – 
activities yet to be done, red – activities which are refused 
and send to be done again (Fig. 6.). 

 

 
 

Fig.6. Product manager initiates workflow process and 
decides about the role of each engineer 

In next step, DFA engineer elaborates his change 
proposition. Also, he shared his estimates and calculations 
with other participants, who are defined at the start by the 
product manager. DFA uses visualization mock-up, for 
other participants that enables easier understanding of 
proposed change. The change of construction of the scale 
leads to the need for changing of the scale carrier and the 
gear of the scales because they are all in the same 
subassembly. Other participants can click on approved 
activities (in process view window) and see the written 
comment. In this case DFA wrote: ’’I would suggest three 
component merging (scale, scale carrier and gear) into 
one, to simplify assembly process. I explained my reasons 
for this change and shared it in our item.'' DFM is 
analyzing the change DFA did. In this case the change was 
approved and common item was filled with his assessment 
(Fig. 7.). 
 

 
 

Fig.7. DFA suggestion and decision of the DFM 
 
The same actions are done by DFE. All participants can 
see the status of change, comments and time the decisions 
were made. The most common way of decision making is 
that product manager waits for all participants to comment 
the change and makes his final decision at the end of the 
process. In this example the comment was: “Your change 
is meaningful and like other engineers I will also approved 
it.” All files of assessment are stored in common item, and 
can be later accessed (Fig. 8.). 
 

 
 

Fig.8. Decisions, date of comments, estimates and 
calculations of all participants 

 
Product manager initiates the second change. In this case 
DFM proposes the change – other experts and product 
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manager consider the proposed change. DFM uses 
visualization mock-up like DFA did. He proposed the 
change of the gear batten, because current model is 
produce quite hard and DFM suggest change of this 
component for ease way of making the same (Fig. 9). 

 

 
 

Fig.9. Initiation of second change and DFM suggestion 
for change 

 
As far as second proposal, decision-making process is the 
same as with the first proposal. Every participant in process 
is making his own calculations, estimations, and decisions. 
Product manager initiates process where every participant 
needs to approve proposal, because only in this way 
proposal will be approved as the change. Also, in this case 
results are the same, second change has been approved. 
Flags mark approved change by product manager who has 
the final word on the basis of all made comments. Next, the 
product manager initiates the third change. In this case 
DFE proposes the change and other experts and product 
manager consider the proposed change. Third change (the 
change of material of the casing – less harmful for the 
environment) has been approved. Again, flags represent 
approved change (Fig. 10). 
 

 
 

Fig.10. Initiation of third change and approval of the same 

On the basis of all changes product manager makes the 
final report. The report with instructions is sent to the 
CAD designer who will create new scales, with all 
demanded changes. The final result of the process is the 
new design of the product (Fig. 11). 
 

 
 

Fig.11. Design of scales after all the changes made 
 
After all the changes new model of the scales is 
developed. Next step is creating product structure of new 
product and comparison with the old one, and making 
final decision, which is task for product manager. 
The design process derives and generates every BOM 
(Bill of Material) for the product before the 
commencement of production, manufacturing execution 
and procurement, while the design BOM is divided into 
BOM groups for production plan, procurement and 
manufacturing execution. 
The BOM should also help in the integration of product 
data and the product structures throughout the product 
lifecycle. Therefore, it has been used as a hub of product 
data for product design, production planning, procurement 
and financial management. Also, it should involve not 
only part lists but also product data which defines the 
product information [15].  
BOM is applicable to many different environment and 
industries. Any product which can be manufactured has a 
bill of materials. BOM is product structure that lists the 
parts and components that constitute the product in the 
context of an assembly, subassembly, or model. BOMs 
are known by different names across different industries: 
a recipe, a formula, an ingredient list, a parts list, 
packaging specifications, to name a few. Regardless of 
what it is called in a particular industry, it is a list of parts 
or items needed to make some product [16]. 
In the past, manufacturing industries managed the BOM 
for MRP (Material Requirement Planning) and production 
planning in an attempt to transform the design-BOM to a 
manufacturing-BOM and procurement BOM. Therefore, 
the M-BOM (Manufacturing-BOM) was managed as one 
of the most important way to provide product 
information. In the 1980s, the BOM was required by 
MRP during the production planning stage to cope with 
scheduled production for the manufacturers [17]. 
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Product manager compare two structures to identify 
changes or differences between the two product 
structures, for example: 

 Identify component changes between assemblies. 
 Test for consistency between multiple views of the 
same item. 

 Find differences between differently configured 
structures. 

Product structures can be compared using one of the 
following standard modes: 

 Single-level mode. 
 Multilevel mode. 
 Lowest level mode. 

In this example product manager uses all mode levels to 
compare two product structures, and make final decision 
if the new model of scales is real better than the old one. 
In the left window (black frame) are product structure 
parts (components) of old model, and in the right window 
(green frame) is product structure of new model of scales. 
The red fields are used for marking the differences 
between the product structures and report can be seen 
below (Fig. 11.). 
 

 
 

Fig.12. Comparison of product structures and  
getting report 

 
On the basis of comparison of two product structures and 
estimates made by participants of team for product 
development, product manager will make final decision 
and reports. 

5. CONCLUSION 
 
Considering the example shown in this paper we can 
conclude that combining of DFx tools and PLM software 
solutions leads to: 

 Maintaining of centralized easy accessible product 
data base. 

 Easy re-use of existing product structures. 
 Shorter time for product development. 
 Cost saving engineering processes. 
 Less mistakes in product development. 
 Better communication between engineering and 
management. 

 Transparent product development. 
 Enabled efficient concurrent engineering. 
 Easier to find differences between differently 
configured structures. 

 Easier management of engineer change orders (ECO). 
 Better management of product development projects. 
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Abstract: The design management practice outlines three 
levels of decision making in companies: operational level 
or project level; functional level, or instituting design as a 
business function within the company; strategic level, or 
design’s capacity to transform and integrate the 
company’s vision. Managing initial design activities 
within companies presupposes the development of a 
preliminary design project. The demand for design stems 
from a need to differentiate a product, launch a brand, 
achieve leadership in design, and finally, features as an 
outcome of implementing new technologies. Decisions on 
design activities are not made solely by design managers, 

but also top managers and other managers within the 
company. The first decisions associated with the 
company’s initial design activities are usually related to 
initiating a design project. Design project management 
incorporates: relying on internal designers or choosing 
an external design partner, project budget management, 
development of an effective design brief, project team 
management and design project evaluation. 
 
 
Key words: design management; operational design 
management; decisions; initial design project; external 
partner; budget; project team; evaluation. 
 
 
1. INTRODUCTION 
 
In the context of business operations such as modelling or 
merging several processes, it is important to involve the 
design from the start of operations, either as a means for 
creating a visual identity, designing business processes or 
specific positioning. In the case of corporate identity, 
designers face a twofold problem: producing a company 
name and the typography for the new name. 
Although certain market situations or events have a 
tendency to trigger the need for design, the latter can also 
be triggered by the company’s strategy or operational 
technology. The demand for design is stems from a need 
to differentiate a product, launch a brand, achieve 
leadership in design, and finally, features as an outcome 
of implementing new technologies. Initial demand for 
design can be caused by various business goals: 

 
Business goals Demand for design 

Founding a company Logo 
Leadership in design Global design 
Launching a new product Conceptual development 
Launching a brand Name development 
Increasing market share Web design and packaging design 
Restoring the market share Redesign 
Diversification on a new market Product design or brand extension 
Improving research and development policies Conceptual development 
 
When the demand for design has been generated, the top 
management must make two important decisions: 
1. Who will be responsible for design within the 

company, i.e. who will define a new design policy? 
2. How will the instruments of design management, 

associated with the design project, be delegated within 
the company? 

 
2. THE SCOPE OF THE INITIAL DESIGN 

PROJECT 
 
Developing an initial design project within the company 
presumes deciding whether to use internal designers or 
rely on external designers, if necessary. If the option to 
employ external designers prevails after a thorough 
consideration, the issue of their design references comes 

to light. It also has to be determined who will supervise 
the collaboration between the partner, i.e. the design 
agency, and the company. 
The choice of an external design partner is a frequent 
solution in case of a first design project. The main reason 
lies in the fact that companies always want to minimize 
risks when developing a design for the first time. An 
internal design manager’s lack of experience can be 
overcome by entrusting the design project to a design 
agency with a good rating. Hiring an external agency or a 
designer guarantees top-level creative solutions, easier 
design integration on a higher hierarchical level, higher 
flexibility, supervision by the design board, and also 
better control of project costs. Advantages and 
disadvantages of hiring internal and external designers 
are: 
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 Advantages Disadvanteges 
Internal designers • Cost efficiency 

• availability 
• Easier coordination 
• Design activities are easier 

executed if the company is 
closely familiar 

• Lack of ideas, creativity etc. 
• Possible busyness of the design team 
• Loss of touch with the external 

development 

 
 Advantages Disadvanteges 
External design agency • New inspirations 

•     Access to expert knowledge 
which lessens the workload 

• Access to extra personnel/skills 
• Capacity to adjust and explore 

different options 

• Lack of understanding of the specific 
company-related notions 

• Problems of everyday approach 
• Problems in coordination with the 

internal design and other sections 
• Potential lack of trust 
• Skills necessary to evaluate the design 

results 
• Lack of understanding of the specific 

company-related notions 
• “Not invented here” syndrome 
• Problems in the implementation of 

external design 
• Loss of control and stability  of 

interactions 
• Credibility gap, if the design is 

inconsistent with the company’s style 
 

 
Hiring an external design partner has numerous 
disadvantages besides the “not invented here” syndrome”. 
This may lead to choosing to employ an individual 
external designer or a design team closely related to the 
internal team responsible for supervising the design 
project. 
Besides the costs, finding a design agency suitable for the 
company’s needs represents the main issue in the 
development of a design project. Many companies do not 
know where to begin searching for the right design 
agency. Some of them often seek recommendations from 
a business partner or a client. Throughout this, the design 
agency's reputation is crucial. It is possible that the design 
agency will contact the company directly. This facilitates 
the selection process and convinces the company that the 
design agency is experienced in the given area and is well 
equipped. 
It is recommended that, if the company opts for hiring a 
suitable individual designer, it should employ all available 
resources in order to find them. Design consultants can 
assist in the selection process. Design managers can also 
have confidence in a recommended, or a previously 
employed designer. 
The next step is to verify the external design agency’s 
competence, which can be a complex challenge. Namely, 
if the company is seeking a creative design agency, it will 
be disappointed by agencies that overemphasize the use of 
their methodology, afraid to start the creative process 
without signing a contract or having fully understood the 
presented design problem. That is the reason why the 
company will visit several different agencies and 
repeatedly attend same presentations, without a guarantee 
of uniqueness or necessary technical capabilities. 

It is therefore of crucial importance to seek examples of 
previous collaboration related to the problem presented to 
the agency, their approach to the problem and the final 
solution. That will ensure a better insight into the 
agency’s competencies for the company. 
It is recommended to organize a meeting prior to the final 
selection in order to discuss the project with potential 
cooperates. High degree of mutual understanding, or 
“chemistry”, between the team representatives heralds a 
successful future collaboration. Finally, it is possible to 
inquire about the estimates, which can be extended to 
other potential applicants, especially when it comes to 
future projects. 
The key factor in the relationship between the agency and 
the client company is how their visions match. The design 
agency will most often assume a short-term approach and 
perceive its role as limited to the scope of a particular 
project. The client company, on the other hand, will 
assume a strategically oriented view of the project. 
The client company must be very cautious when it comes 
to the relationship with the external design agency. This 
means that the company should appoint a manager to 
supervise this relationship and ensure that the proposed 
design solutions are properly integrated with the vision 
and strategic orientation of the company. The same goes 
for the design agency: they must choose a contact person 
responsible for communicating with the client. The client 
company will inform this person about their decisions and 
actions. 
Hiring an external design partner sometimes presents 
quasi-integration, because a contract can be signed with 
the partner in a network management approach. The 
company employs its own designers, but also builds 
alliances with external partners in order to gain access to 
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complementary abilities, or balance out the internal 
designer’s workload. Today, the demand for design 
evolves in various directions. Business still requires a 
comprehensive design concept, but there is also a need for 
limited specialized resources, such as CAD expertise or 
designers to aid the internal design team or future design 
research.  
 
3. DESIGN PROJECT BUDGET 

MANAGEMENT 
 
Budget is, generally speaking, the amount of money based 
on estimated revenue and costs. Initial design project 
budget management presumes: 

 Planning revenue growth or decline due to design for 
the following year 

 Planning cost increases or reductions due to design for 
the following year 

 Planning profits growth or decline due to the design 
for the following year 

In order to attain the planned revenue in the following 
year, the company must achieve the planned volume of 
production and, of course, sales, at previously projected 
prices. If we suppose that there was no extraordinary 
income, then the total income in a given period can be 
expressed by the following equation: 

Tr = Q · P 

where: Tr – total revenue  
Q – volume of production and sales 
P – selling price per unit 

Companies expect that their product's new design will be 
superior, consistent with the present or succeeding style 
or fashion, and as such, attractive to the consumers. All 
the advantages of the new design must be confirmed 
through increased revenues. The impact of design to 
overall growth or decline in revenue in the following year 
can be expressed by the following equation: 

Tri = Tr + (∆Trd + ∆Trof) 

where: Tri – total increase in revenue  
∆Trd – increase in revenue due to design 
∆Trof – increase in revenue due other factors 

Companies are in a constant pursuit of cost minimization, 
and thus directly influence the revenues and profits. Each 
kind of costs (production costs, material costs, 
amortization, labour costs, i.e. wages) impacts the profit 
achieved in a certain period. Since the design has a 
limited effect on amortization costs, what is left is to 
reduce direct material and manufacturing costs in 
different ways. Design can significantly contribute to 
lowering direct material costs through development, 
construction, selection of materials and fabrication 
procedures, which should always be one of the design 
goals. Along with that, simplification of products can 
influence production costs. 
Overall cost increases or reductions can be decomposed to 
those originating from design and those originating from 
other factors:  

∆Cp=∆Cpd+∆Cpof 

where: ∆Trd – production cost reduction due to design 

∆Crof – production cost reduction due to other 
factors 

Therefore, costs planned in the following year can be 
expressed through the following equation: 

∆Cpi= Cp +(∆Cpd+∆Cpof) 

The impact of design on profits is of utmost importance 
for companies, for profit represents the key business goal 
and result. Since profit represents the difference between 
total revenue and operations costs, it is possible to predict 
the impact of design on profit rise or decline. Namely, 
profit attained in the previous year can be expressed by 
this equation: 

Pd = Tr – Cp 

Where: Pd – profit attained in the previous year 
The stated amount of profit stands for gross profit, from 
which the taxes and contributions are subsequently 
subtracted, resulting in the net profit (Pdn). 
The increase or decline in profit due to design, according 
to above stated, can be planned for the following year and 
expressed by an equation: 

∆Pdn=∆Pdnd+∆Pdnof 

where: ∆Pdn – total profit increase or decline 
∆Pdnd – total profit increase or decline due to 

design 
∆Pdnof– total profit increase or decline due to 

other factors 
Company management that supported a successfully 
executed initial design project, which facilitated profit 
rises, will receive confidence of the impact of design on 
operations, market situations, consumers, general public, 
competition and the society as a whole. 
Companies that lack experience in design often seek 
advice from other design agencies, and even their creative 
solutions. This might lead them to choosing less 
competent designers who spend less time in creative 
problem solving, and devote more time to analyzing the 
problem superficially. Such practice adversely affects 
design sector which operates on a tight budget.  
When it comes to operating costs of design, it is important 
to decide on manner of paying the designers, according to 
one of the following modes: 

 fixed charges, 
 charges by hour, 
 charges payable in accordance with the complexity of 
the presented design problems, etc. 

The design agency precisely defines contractual terms 
associated with charges, planning and the number of 
solutions to be offered. In order to assure efficiency, the 
design agency can include exclusivity and trust clauses 
into the contract. The costs of product prototyping or 
modelling are charged separately. Design centres 
represent good sources for judging the budget validity. 
When determining long-term project costs, it is important 
to include the following: 

 costs of establishing trust between the parties, for a 
successful design policy depends on long-term mutual 
assent between the client company and the design 
agency, 
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 indirect costs of understanding the client company: 
information on working conditions, qualities of the 
executives and limitations posed by company culture. 
In other words, the costs of familiarization with the 
company are indirect costs for the design agency. 

 
4. CREATING AN EFFECTIVE DESIGN 

BRIEF 
 
The client company has the responsibility to create a 
design brief, which the design agencies, design centres, 
bureaus and individual designers included in the design 
project will use as reference. The brief must include three 
elements: project goal, information about the company 
and information about the project. The last section defines 
different stages of the project: analysis, design and 
production; estimates of their duration, etc. 
The design brief presented by a design agency is 
commonly included in a document produced in order to 
clarify their vision of the problem. The design agency 
creates a brief in which they denote their vision of the 
project, state the analyses of the problem and their plans 
for different stages of the project, along with other 
concepts that need to be developed. 
It is necessary to include these stages into the design brief 
in order for the design agency to understand them, 
comprehend the significant information stated in the brief 
and initiate the relationship. The success of a project 
depends on the presented documents and the effective use 
of visual means of communication during the project. 
Designers define their creative process in line with the 
presented problem and the research to be conducted: 
product drafts, user observations of and visual 
representations of the market. Afterwards, the company 
will want to discuss with the designer about his visual 
representation of the problem. Organization of a project 
team is the next factor on which the success of a project 
depends. Project managers, who often come from design 
agencies, employ a variety of specialties and expertise 
required by the project, as well as supporting staff, such 
as suppliers and model manufacturers. 
When it comes to the project goal, the company conveys 
the intention to initiate the project and specifies the 
necessary performances of the design, intended to cut 
costs, improve reputation or increase sales. 
Finally, everything comes down to the role of design and 
represents the impact the project will have on business. 
Also, the type of design is defined in relation to its 
objectives. 
Information on the client company include: their 
activities, history, size, competitive positioning, 
organizational structure, names of people that designers 
will be in contact with, identity, internal and external 
reputation, attractiveness  of the company’s business 
sector, business strategy and market development, global 
setting for products and services, positions on different 
markets, brand positioning, price structure, market 
research, etc. 
Information on the design project include: conceptual, 
technical, commercial and market data and information. 
Duration of the design project stands for the estimated 
required time for the completion of each stage of design, 
number of visual representations required in each stage, 
etc. 

Managing the project team 
 
Initial design project is in fact the development of a 
design team. The key to team success is already familiar. 
However, when it comes to the design team, it is 
necessary to devote maximum attention to choosing the 
right partners, both within and outside the company. This 
is the way to achieve balance within the company. A 
certain interactive structure of an initial design project 
will have to function inside a business environment that 
may be unable to accept it, or even opposes it. Team 
members’ qualities associated with relationship building 
are becoming equally important as a factor of project 
success as their creative talent. 
From the project manager’s point of view, a design brief 
is a sort of a contract between the team and its members. 
By emphasizing various aspects of the project, the brief 
illustrates multidisciplinary features of design and 
therefore, a need to manage interactions between many 
partners’ activities and integrate them into design 
decisions, although the importance of specific roles varies 
according to the current stage of the creative process. 
The success of design greatly depends on: 

 the composition of a multifunctional team which 
projects and presents all the limitations of a design, 
i.e. its technical, marketing and communicational 
dimension; 

 including specialized experts in certain stages of the 
project; 

 design integration from the project’s launching phase. 
The design team comprises individuals with different 
responsibilities, such as: 

 designers, who research the problem and conceive 
solutions; 

 project manager or senior designer, responsible for 
daily project management, appropriate structure, cost 
control, planning and designers’ involvements in the 
project; 

 “design champion”, or a project leader who had built a 
vision of successful design in the company; 

 suppliers and other contracting parties; model 
manufacturers, prototype developers, printers, as well 
as CAD and CFAD experts. 

A project team essentially consists of three units: creative, 
management and interpersonal. 
 
5. DESIGN PROJECT EVALUATION 
 
The process of control and evaluation of a design project 
is a vastly demanding activity. It is therefore 
recommended for a company and its design partner to 
reach an agreement on methods and instruments for 
assessing results. The simplest method for developing 
evaluation tools for a design project is the comparison of 
project goals and accomplishment. This also involves 
weighting achieved effects against the resources engaged 
for a design project, such as: 

 design reward, 
 design/costs, 
 design/sales, 
 design/market positioning, 
 brand and company reputation, 
 design/innovations, 
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 design/company operations, 
 design/ROI (Return on Investment) 

It is not necessary to seek specific instruments for design 
evaluation, since there are many familiar quantitative and 
qualitative methods already applied in marketing, 
management and publicity which can be used for 
controlling and evaluating a design project. 
Id addition to the instruments of design 
control,importantat are principles on which the mentioned 
control is based on.The most important principles are as 
follows: 

 Fedbac 
 Adjustment of the control in the design ward 
organiyational structure 

 Self/control 
 Direct control 

The principle of feedback is based on the initiation and 
implementation of control activites,regarding the 
feedback,that design manager have recevied from the 
design team. 
The control in the design department should be consistent 
with its organiyational structure,and the number of team 
exsperts,range of activites,and anoder. 
The principle of self-control implies that each individual 
in the ward,from exsecutives to managers,and tehnical, 
and ancillary operators,individually and conscientioslu 
controls the results achieved at its workplace.Given 
principles means constant informing to the competent 
managers on the results of their own work. 
Direkt control,as a principle ,reguires direct access of the 
design manager to the phase and results of the members 
of design project. 
 
6. CONCLUSION 
 
The first step in introducing the design into the company 
is the operational (project) level. Present conditions on an 
increasingly competitive market influence making 
decisions on integrating design activities. Market 
compulsion, displayed as a demand for product 
differentiation, brand creation, development of leadership 
in design or implementation of new technologies imposes 
the demand for design skills and know-how. Demand for 
design can manifest itself as a need for a logo, global 
design, conceptual design, name development, web 
design, packaging design, redesign, product design or 
brand extension. 
This necessitates the company management to make 
specific design related decisions, which are, of course, 
conditioned by the present state of the company, its 
business, tradition, etc. In case of a new business, the first 
steps will be made towards creating the company’s visual 
identity. In other cases, design related decisions will be 
associated with the development of product design 
process or certain positioning. 
According to the above stated, company management will 
decide on commencing an initial design project and opt 
for engaging company’s own resources, or hiring an 
suitable external partner. There is also the third 

possibility, which is to form a joint design project team. 
However, the practice has shown that hiring a design 
agency or an individual designer can be a precarious 
endeavour. 
The success of design greatlu depends on:the composition 
of a multifunctional team which projects and presents all 
the limitations of a design,i.e. its tehnical,marketing and 
communicational dimension;includinh specijalized 
exsperts in certain stages of the projects;design 
integration from the projects’s launching phase. 
A project team essentially consists of three 
units:creative,management and interpersonal. 
The company management expects the new design, of 
existing or new products, to be more competitive and 
appealing for customers and consumers. This will result 
in extra revenue. It is also necessary to devote full 
attention to extra costs. Extra revenue and costs should be 
identified and planned as key items in the development of 
an initial design project. A design project can be executed 
only upon the completion of activities focused on its 
development. 
The process of control and evaluation of a design project 
is a vastly demanding activity.It is therefore 
recommended for a company and its design partner to 
reach an agreement on methods and instruments for 
assessing results.The simplest metod for developing 
evalution tools for a design projects is the comparison of 
projects goals and accomplishment.It is not necessaru to 
seek specific instruments for design evaluation ,since 
there are many familiar guantitaive and qualitative 
methods alreadu applied in marketing,management and 
publicitu which can be used for controlling and evaluating 
a design project. 
In addition to the instruments of design control ,important 
are principles on which the mentioned control is based 
on.The most important principles are as 
follows:feedback;adjustment of the control in the design 
ward organizational structure;self-control and direct 
control. 
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Abstract: Professionals in mechanical industry face a 
series of requirements which they have to meet in order to 
permanently innovate their knowledge and skills as well 
as to apply moderns CA (computer aided) technologies. 
Development of industry sector needs quality in education 
of professionals with appropriate competences, i.e. usable 
knowledge which will help them make the right decisions 
in practice. The paper offers an analysis of common tasks 
and needs of education and mechanical industry and a 
review of current situation in education which, in the light 
of the Bologna process and the Law on Higher Education 
in Serbia, could serve as a signpost for innovations in 
programs of study in education of future technical 
engineers. 
 
Key words: engineers education, industry, computer 
aided design (CAD), Bologna process 
 
 
1. INTRODUCTION 
 
Today, engineering education, especially for technical 
subjects, is quite a challenge due to the high amount of 
new technologies available in the modern world along 
with the market competition. The current education 
system finds difficulties to follow the real speed of 
world’s development and its requirements. Besides 
technological limits, a lack of integration between 
academic subjects is commonly observed. Many times, 
students struggle to link themselves to the knowledge 
obtained in correlated subjects, and understand how it all 
works together in real industry. 
Technical sciences (mechanical engineering, electrical 
engineering, traffic engineering...) are the most reliable 
economic stimulus. Technical sciences are not static, they 
always move forward, develop in the conditions of the 

world competition. Technical rationalization and 
innovation in companies is a permanent task. If it is 
neglected, there is no future for them. This is the reason 
why engineering who can fulfill the required tasks in such 
conditions are sought after because they can be a direct 
link between natural sciences, industry and society [1]. 
Due to the socio-technological challenges, engineering 
education must anticipate and adapt to dramatic changes 
in terms of engineering practice and instruction. In the 
future, the roles of engineers must change along with the 
following aspects: the globalization of industry and 
engineering practice, the shift of engineering employment 
from large companies to small and mediumsized 
companies, the growing emphasis on entrepreneurialism, 
the growing share of engineering employment in 
nontraditional, less-technical engineering work, the shift 
to a knowledge-based “services” economy, and increasing 
opportunity for using technology in the education and 
work of the engineering [2]. 
Industry cannot be divided into old and new technologies, 
where old technologies should be neglected while only 
the new ones should be considered. Transition from the 
old technologies to the new ones is a continuous process. 
In today’s conditions new technologies quickly become 
old ones due to an everlasting tendency to improve or 
replace products through innovations [3].  
CA technologies are one of the greatest engineering 
achievements in the 20th century. Development of 
information technologies, especially computers and 
corresponding software systems which made an important 
support to a designer during designing process, 
conditioned a new way of thinking in designing process. 
Today designers have a powerful tool which assures 
selection of the best solution in all steps of designing 
process at a particular time and in the particular 
conditions. 
It requires a great skill to estimate and make well-
thought-out changes in the content of work so the future 
experts who are educated in secondary schools and 
faculties could get suitable innovated educational 
contents. Curricula and syllabuses have always been, and 
they should be, subjected to critical analysis. Having in 
mind the place, role and tasks of technical engineers, a 
critical analysis of curricula contents of fundamental 
disciplines in mechanical engineering and other 
theoretical and engineering scientific discipline seems 
necessary. 
In follow-up work to other studies [2,4,5], this paper 
reviews a research concept in order to have an insight in 
experience of engineers, professors and students in 
education of future engineers as well as in certain aspects 
of teaching process according to the Bologna Declaration 
in higher technical education. 
 
2. PLACE AND ROLE OF FACULTY IN 

ENGINEERS EDUCATION 
 
At the beginning of the 21st century many of recent 
discernments on needs for new knowledge and ways of its 
acquirement undergo severe trial. Knowledge is becoming 
the most important resource of every nation and country 
today, and investment in knowledge the most economical 
investment. Knowledge is acquired during education and 
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the highest level of education is acquired at universities. 
The whole system of education, from elementary to 
higher, should be in accord and present individual phases 
adjusted to every age [6]. 
Innovation in education presents a change in content 
structure, methods and aids with the aim to improve and 
advance education. In modern terminology, education 
innovation is a consciously organized change to develop 
and improve education technology for the purpose of 
increasing work efficiency. On the other hand, efficiency 
of education contains economic, technical, content, 
personnel and organizational equipment and capability of 
faculties to offer students such an education which will 
stimulate and accelerate their intellectual development 
and maturity as well as their further permanent education 
and scientific and research work with rational and 
economical usage of time, energy and assets. 
It is time to think and act more rationally, to consider a 
more intensive cooperation with a greater number of 
participants in scientific and research work: faculties of 
mechanical engineering, institutes, scientific-research 
potentials within economic system in our country and in 
the world. This will provide a faster flow of knowledge, 
ideas and results. Scientific-research work should enhance 
educational technology in order to rationalize teaching, 
i.e. to improve efficiency of educational work. 
Conferences, seminars, counselling should still be 
organized in order to innovate and upgrade the acquired 
knowledge on the results of current scientific researches. 
 

2.1. Teaching in line with the Bologna Process  
 

The Bologna Declaration is a document which the 
European countries use to accord higher education 
programs of study in order to successfully compete and 
compare with other regions and to prevent lagging behind 
in research and development. 
The Bologna Declaration imposed the main rules to 
comply with [7,8] in order to attain in a short period of 
time all the objectives which we consider high priority for 
establishing the European Higher Education Area 
(EHEA) and promoting the European system of higher 
education all over the world: adoption of a system of 
easily readable and comparable degrees and 
implementation of a diploma supplement; adoption of a 
system based on two main cycles of education, 
undergraduate and postgraduate; establishment of the 
European Credit Transfer System (ECTS) as an 
appropriate tool to enhance the broadest possible student 
mobility, etc. 
We are thus bound to attain the imposed objectives within 
our institutional capacities while entirely recognizing 
cultural, language, national education systems diversities 
as well as the autonomy of universities so that we could 
consolidate the European Higher Education Area. 
 

2.2. Lifelong learning and e-learning 
 

An important project in improvement of European higher 
education is a concept of active learning all through the 
period of employment, the so-called lifelong learning, 
which is a must for a successful engineer today. The 
concept is being developed within the implementation of 
the Bologna process through supporting documents of the 
Conference of European Ministers of Education.  

In the time of permanent social, technological, cognitive 
changes, the lifelong learning is not a matter of choice 
any more, but a must and obligation of every educational 
institution.  In 2004 the European Commission adopted a 
proposal for the new generation of EU programmes 
covering the period 2007-2013 and aimed at learning at 
all stages of life - Lifelong Learning Programme (LLP). It 
is meant to be a programme which will involve all other 
programmes and activities in the area of education and 
training, such as for example e-learning programme or 
Europass initiative, Comenius, Erasmus, Leonardo da 
Vinci, Grundtving, Transversal programme, Jean Monnet.  
European economy faces two big challenges today: 
firstly, there is a need of Europeans to get better 
preparation for entering the labour market with the aim of 
reducing unemployment; secondly, companies need 
qualified labour force that can cope with fast scientific 
and technological changes in the circumstances of 
growing competition.  
The traditional attitude to learning needs has to be 
changed. New modes of learning (distance education, 
web-based education, e-learning, part-time education) 
need to be further developed. Changes in the courses are 
necessary to adapt to the needs of labour market, to 
propose different modes of delivery and promote different 
types of skills (ICT, entrepreneurship, business, advanced 
technologies, communication, and flexibility). Those 
concepts have evolved from simple educational material 
exchange to more sophisticated interaction between the 
user and the distributed resources [9]. One of the most 
interesting of these forms is indeed electronic learning (e-
learning). These forms of education is learning without 
direct contact between the person who conducts the 
educational process (teacher) and those being taught 
(students). It is clear that physical separation of students 
and teachers is overcome by use of information 
technologies [10]. 
The distance education system enables different forms of 
interaction among participants in the learning process and 
supports different active learning forms in order to adapt 
to the labour market needs, to propose different modes of 
delivery and promote contemporary types of skills (ICT, 
advanced technologies, entrepreneurship, communication, 
flexibility). The implementation of such a system for 
distance education represents an attempt for transferring 
the infrastructure of traditional education system 
(classroom, library, project work) into the digital word, as 
a form useful for both groups of students, especially 
employees that don’t have time for classroom but need 
continuing increase of the knowledge and skills [11]. 
 
3. APPLYING CAD TOOLS IN 

ENGINEERING AND EDUCATION 
 
Design means a creative professional work of designers 
whose aim is to define and prescribe shapes and 
dimensions of machines and other systems and processes 
which need to be implemented. Therefore, this work may 
refer to an entirely new machine or improvement of an 
existing machine. Beside the principle of individual and 
team creativity, certain new and above all computer aided 
(expert systems, artificial intelligence, etc.) methods are 
accurately introduced in modern designing in order to 
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achieve the goals in an easier and simpler way. The 
designing process begins with the idea to make 
(manufacture) a new product and often ends with 
prototype testing. A modern designer also tends to make a 
prototype virtual, i.e. computer aided, with all its analyses 
and verification [12].  
Computer methods and technologies of the CAD/CAE 
type have contributed to an essentially new approach to 
the process of designing and engineering designing in 
recent years.  The use of computers shortens this process 
in many ways enabling a considerably shorter 
development of products along with an immediate saving 
of time. Computers can be used for all kinds of 
calculations in constructing, for graphic representation of 
the results of work and indirectly, for managing 
mechanical systems, e.g. CNC(computer numerically 
control), DNC (direct numerically control), including 
robotics and FTM (flexible manufacturing system) [13]. 
 

3.1. Possibility of cooperation between University 
and industry 

 

Partnership between universities and industry can take 
various forms in the education and in Research & 
Development (R&D) area. In education, the following 
forms are important: enable students to be ready for 
labour market, introduce life-long learning courses and 
various types of postgraduate studies as a continuing 
education, using the feedback from employers, guest 
professorships and shadow manager projects. In R&D, in 
the form of contract research, the technology transfer and 
commercialization of research results are important. 
The cooperation between the universities and industry 
should bring mutual benefits and better outcomes for all 
partners, in terms of improving the quality of graduated 
students, in terms of their preparation for today's and 
tomorrow's market. The cooperation should enable 
development of high quality training materials in 
advanced technologies areas, adapting to the changing 
needs of the society/economy and ensuring a more 
effective link between the fundamental and applied 
research and its transfer into enterprises [9]. 
University education of engineers involves the area of 
CAD/CAM system. However, the approaches are often 
very different. University offers a general aspect of 
engineering education with specialization in certain fields 
in undergraduate programmes in some rare cases. The 
main goal of university education in the area of 
CAD/CAM system is to teach the students that designing 
is a process and to stress the need of complex 
consideration of engineering tasks [14]. Software package 
which offers integral solutions should be chosen to 
demonstrate theoretical approach and methods. Partial 
specializations are possible and are mainly found among 
optional courses. Any further improvement is connected 
with industry and/or requires further university 
(postgraduate) education. 
In order to increase competitiveness of young engineers 
on the one hand, and more experienced engineers with no 
practical experience in computer design of products on 
the other hand, universities offer appropriate courses. The 
inherited type of training only for 2D systems is being 
changed towards modern 3D approaches. In educational 
regard, the CAD/CAM systems play a role of an 

integrator, so the training is being expanded from general 
courses to other engineering fields and disciplines. 
However, in most cases the education which the students 
acquire is of general character and only occasionally 
specialized. Therefore, it is necessary to establish a 
system of permanent education which will make way to 
continuous advancement in knowledge and skills together 
with industry professionals. This refers to CAD/CAM and 
information technology knowledge and skills and 
engineering knowledge and skills. 
 
4. MATERIALS AND METHOD 
 
4.1. The aim of the study 
 

Recognizing the importance of the issue of modern 
education of technical engineers, a research has been 
realized with the aim of collecting primary data about 
facts, opinions and attitudes of engineers, professors and 
students for further improvement of knowledge and 
education of future engineers in line with the Bologna 
Declaration.   
The research of attitudes of engineers, professors and 
students was carried out in 2009/2010 academic year with 
the aim to obtain opinion of engineers of different 
vocations and occupying different positions who worked 
in machine building industry, companies, education, in 
the field of scientific and research work, and students of 
mechanical engineering of different programs of study. 
The subject were engineers from companies (leading 
engineers and managers in big systems, entrepreneurs 
and managers in small and medium enterprises 
Vojvodina-wide),  professors and students at technical 
faculties and technical colleges of applied sciences in 
Zrenjanin and Novi Sad. 
Within the aforementioned reform of university 
education, technical faculties and technical colleges in 
Zrenjanin and Novi Sad have already introduced 
innovations in their curricula and syllabuses so there is 
certain experience in that area. Programmes of study in 
these faculties and colleges passed through the process of 
accreditation which meant further harmonization with the 
set rules and parameters, while all this was closely 
connected with the degree of application of the Bologna 
Declaration. 
The sample included 40 engineers from companies, 22 
professors and 115 students of mechanical engineering  of 
different bachelor’s and master’s programs of study. 
Research techniques and procedures: survey – with the 
objective to establish relevant attitudes: of engineers and 
professors, about application of modern methods and 
techniques in education of professionals in industrial 
engineering in Serbia’s market, as well as students, who 
are final users of services offered by higher education 
organizations.  
Research instruments: questionnaires and interviews – for 
the purpose of the research an adapted questionnaire was 
created (considering methodological approach of the 
research); the interview method of research with 
engineers, professors and students was used in data 
collecting.  
Interview is direct and structured and its role is to provide 
obtaining of relevant attitudes of engineers, professors 
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and students of machine building industry. The 
questionnaire is designed in such a way so that it includes 
questions of advancement in business and education in a 
business entity, recommendations and suggestions for 
improvement. The questionnaire was anonymous. 
 
5. RESULTS AND DISCUSSION 
 
5.1. Attitudes of engineers, professors and 

students on education of professionals 
 

Confidence in contribution of mechanical engineers (who 
are currently employed) to development of domestic 
economy is considerable (75%), but this attitude is also 
commented by the engineers with needs for different 

forms of education and application of modern 
technologies. 
The survey on whether the actual programs of study in 
faculties of technical sciences can prepare mechanical 
engineers in such a way that they can be ready for 
challenges of economy, has shown that respondents 
(engineers) in 65% of cases believe that formal higher 
education system enabled them to perform actual business 
activities, while the rest of 35% answered affirmatively, 
but also mentioned a lack of adequate practical work 
during studies, outdated technologies studied at faculties 
and a lack of managerial skills courses [4]. Figure 1 
shows attitudes of engineers on more qualitative training 
of students for challenges of economy. 
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Fig.1. Proposal to faculties for better training of students – attitudes of engineers 

 
The canvassed engineers underlined the importance of 
harmonization of actual curricula with world trends and 
standards, the importance of practical work, managerial 
knowledge and skills in education of engineers and a wide 
use of computers in all forms of work. 
The canvassed engineers think that companies have 
confidence in mechanical engineers who are educated in 
technical sciences faculties (75%). However, future 
engineers, students of mechanical engineering and 
technical sciences faculties have a very critical attitude on 
the quality of teaching. As many as 62.6% of them 
believe that the actual formal education system will not 
prepare them for the work in companies. 
Considering very fast technical-technological changes, the 
knowledge a student has to acquire during the studies 
should enable (shows some of the responses of students in 
the questionnaire): mastering the basic engineering 
disciplines; understanding and fast accepting of changes 
in machine building and related industries; an effective 
application of acquired knowledge; mobility when 
changing production programs; creativity; feeling the 
need for team work; feeling responsibility to respect 
profession and personality; critical relation towards 
knowledge; maintaining experimental research; referring 

to reading material and the Internet; respect for 
intellectual property. 
A new regime of studying according to the Bologna 
Declaration ensures a well balanced combination of 
theory and practice. For the question of whether the 
students should have adequate practical work, the 
canvassed engineers and professors (88.7%) think that the 
students should have adequate practical work during 
studies. According to the survey results, the majority of 
canvassed students (67.8%) believe that during their 
studies they did not have adequate practical work 
organized in industry [5]. 
 

5.2. Results of student survey on the Bologna 
Declaration 

 

Our country signed the Bologna Declaration six years ago 
and after that its implementation started in Serbian 
universities. The questionnaire contained questions only 
for students regarding basic concepts related to the 
Bologna Declaration which the students evaluated with 
marks from 1 to 5 (1 being the lowest and 5 being the 
highest mark) [15]. The results show that the Bologna 
Declaration has not been fully implemented at universities 
yet. A more efficient acquiring of knowledge is provided 



 

 95

now as well as an improved quality of teaching process, 
but the students do not think that generally speaking 
studying has become easier. The main problems of 

students regarding the Bologna Declaration and their 
reactions to those problems are given in figure 2.  
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Fig.2 . Results of student survey on the Bologna Declaration 
(question 1: Is the Bologna Declaration adequately implemented in your faculty according to you?; question 2: Do the 
students take part in teaching?; question 3: Has the quality of teaching process become more qualitative?; question 4: 

Has knowledge acquiring become more effective?; question 5: Has studying become easier?; question 6: Are you 
satisfied with the new system?) 

 
6. CONCLUSION 
 
Higher education is expected to serve the knowledge 
economy of the 21st century and should consider 
corresponding technical environment, tools and 
functionalities. The need for a fruitful collaboration 
between University and industry is a necessity. 
Universities are currently facing a deep restructuring 
process, as a result of the European integration, with the 
goal of creating the European Higher Education Area. On 
the other hand, enterprises need knowledge for immediate 
use in practice, for the purpose of meeting the market 
needs, increasing the competitiveness and generating the 
profit. 
Application of science, technique and technology within 
information technology along with development of 
telecommunication information systems will have its full 
justifiability only if principles, directions and methods for 
their implementation into education system in Serbia are 
determined and studied. Education must follow the world 
innovative trends to educate a new type of experts capable 
of working independently, of making choices and of 
searching for, processing and using the information. 
Being a part of Europe, Serbia must not be left behind 
isolated. What has started in the area of education and 
development and advancement of education in the world 
should not be stopped, but accepted in order to contribute 
fully to the education reform in our higher education 
institutions.  
The actual programs of study in universities in Serbia can 
prepare engineers for challenges they will face in an 
economy in transition, while companies have confidence 

in engineers who are educated in our higher education 
institutions. Aiming at improvement of professional 
education teaching, the students suggest: more 
professional practical work because majority of students 
did not have an adequate professional practice during 
their studies. 
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CONFIGURATIONS 
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Olivera KOSTIĆ 
 
 
Abstract: The paper is confined to the preliminary 
aerodynamic analyses of a new light aircraft with 
different combinations of flaps and elevator deflections, 
which correspond to the symmetrical flight conditions. 
Initial calculations have been performed using a 3D 
vortex lattice method. Since the applied computational 
model is based on inviscid flow concept, the non-linear 
calibration diagrams for the effectiveness of control 
surfaces and circulation influence have been derived from 
wind tunnel test data for an existing airplane. Then the 
calibration functions have been interpolated for a new 
light aircraft, and a wide scope of analyses for lift and 
moment coefficients with different flaps and elevator 
deflections has been performed. Of special importance 
was the determination of lift-induced drag polars. 
Namely, deflected flaps and elevator generate local lift 
distributions which contribute to the induced drag, even 
at angles of attack when the total airplane lift is zero, 
which has been successfully determined by the applied 
CFD model. Parasite drag components, omitted by CFD 
calculations, have been estimated using DVL, Datcom 
and Douglas methods and superimposed with the induced 
drag results, giving complete diagrams for the new 
aircraft in different symmetric flight configurations. 
 
Key words: light aircraft, aerodynamic design, symmetric 
flight configuration, CFD calculation, hybrid method 
 
 
1. INTRODUCTION 
 
Within the complex airplane design process, proper early 
estimates of aerodynamic characteristics are essential for 
the fulfillment of the assigned flying and technical 
requirements. In the initial design stages, it is necessary to 
investigate at least several possible design options, and 
efficiently converge to the most promising one. Thus the 

preliminary aerodynamic analyses should be quick, 
efficient and reliable. This paper describes the 
methodology applied within the preliminary aerodynamic 
analysis of a new light trainer aircraft (NLA - Fig. 1.).  
 

 
 

Fig.1. The NLA: side view, the 3D CAD model, and 3D 
model used for vortex lattice calculations 

 
At the initial stages of computational analyses, the authors 
have used a fairly simple CFD model based on 3D vortex 
lattice method (VLM). Such inviscid calculation model 
inherently neglects boundary layer influence and 
separation effects, so the effectiveness of the flaps and 
control surfaces are overestimated at moderate and higher 
deflection angles, and parasite drag components can not 
be determined. Also, lift and moment curves can be 
determined only in their linear domains, and just induced 
drag polars can be calculated. In order to overcome these 
problems and obtain complete final diagrams, the authors 
have applied the hybrid method approach, developed in 
two directions.  
First, to obtain proper effectiveness of flaps and control 
surfaces within the CFD calculations, the non-linear 
calibration factors have been successfully derived from 
wind tunnel test data of the Serbian light airplane Utva 
75, which has been in operation for several decades, both 
as military and civilian primary trainer (this airplane is 
still in use in Serbia, all ex-Yugoslav republics and 
several other countries around the world). The calibration 
factors were then recalculated for the NLA's design 
geometry, including the additional circulation correction 
parameters, which take into account the different lifting 
characteristics and influences of applied slotted flaps, 
instead of the plane flaps simulated by VLM. 
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Second, the parasite drag components, which can not be 
obtained by the applied CFD calculations, were 
determined using reliable analytical and semi-empirical 
methods. These results have been superimposed with the 
induced drag values, which VLM successfully calculates 
for many combinations of flaps and elevator deflections, 
and angles of attack, which analytical methods can hardly 
quickly estimate to such level of accuracy.  
 
2. VORTEX LATTICE METHOD 
 
The vortex lattice method represents the lifting surface as 
a planar surface on which a system of horseshoe vortices 
is superimposed (Fig. 2).  
 

 
Fig.2. System of horseshoe vortices on wing panels 

 
The velocities induced by each horseshoe vortex at a 
specific control point are calculated using the law of Biot-
Savart [1,2]. The velocity induced by a vortex filament of 
strength nΓ  and length dl (Fig. 3.) is: 
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Fig.3. Nomenclature for the induced velocity calculation  
 
If we consider a vortex segment of finite length AB, and if 
C is a point in space at a normal distance pr  from line AB, 
than the magnitude of velocity V induced at C by this 
segment will be (according to Fig. 3.): 
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Each panel is represented by a horseshoe vortex (which 
consists of the bound vortex positioned at the quarter 
panel chord position, and two semi-infinite trailing 
vortices), and by the control point at 3/4 of the panel 
chord, at its mid section. The summation is performed for 
all control points to produce a set of linear algebraic 
equations for the horseshoe vortex strengths that satisfy 
the boundary condition of "no flow through the surface", 
which this panel represents. The general form of the 
velocity induced in a control point is: 
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Suppose that the airplane VLM configuration is in a free 
stream of the velocity 0V , at an angle of attack α . At the 

m-th panel, the induced velocity is ( , , )m m m mV u v w
ur

. If the 
side slope of the panel is denoted as ϕ , and if its 
longitudinal slope is δ , the velocity tangency condition 
(free stream velocity plus induced) is given by: 
 

0

sin cos cos sin cos cos
sin( )cos 0

m m mu v w
V

δ ϕ δ ϕ ϕ δ
α δ ϕ

− − +

+ − =
 (4) 

 

Although the vortex lattice method is based on the planar 
presentation of the airplane configuration, the influence 
of actual mean surface cambers, incidences, dihedral and 
twist angles, deflections of control surfaces and flaps, 
must be taken into account. For example, coordinates of 
NACA 652-415 airfoil [3] for the wing had to be assigned, 
while for fuselage, its side shape had to be defined.  
The vortex strengths are related to the lifting surface 
circulation and the pressure differential 

P PU PLdC C C= − between the upper and lower surface 
sides (according to here applied convention - see Fig. 4.).  
 

 
 
Fig.4. dCp on NLA's VLM calibrated model, example for 

elevator negative deflection 30o, flaps up 
 
Pressure coefficients for the upper side CPU and the lower 
side CPL of the panel are calculated as 0 0( ) /PC p p q= − , 
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where 0p  and 0q  are free stream static and dynamic 
pressures, while p is static pressure on the given panel 
side. The pressure differentials are integrated to yield the 
total forces and moments. In this paper, for the 
comparisons with the wind tunnel data, the lifting force L 
and the pitching moment M about the center of gravity 
were considered, expressed in terms of their coefficients 
(S is the wing's aerodynamic area, and cMAC is mean 
aerodynamic chord): 
 

2 2
0 0 0 0/(1/ 2 ); /(1/ 2 )L M MACC L V S C M V S cρ ρ= ⋅ ⋅ ⋅ = ⋅ ⋅ ⋅ ⋅  (5) 

 
In this paper only symmetrical airflow cases have been 
considered, namely, variations of angle of attack without 
and with different combinations of elevator and flaps 
deflections (without sideslip or roll, aileron or rudder 
deflections).  
 
3. ELEVATOR AND FLAPS CALIBRATIONS 
 
In  order to obtain calibration factors for the NLA's 
elevator and flaps effectiveness and circulation, initially 
the 3D CFD model of Utva 75 has been generated, fully 
compatible with the model of NLA from Fig. 1, 
considering the disposition and number of panels. The 
VLM analyses of Utva 75 have been performed for the 
same symmetrical flow cases as those performed in wind 
tunnel tests of this airplane [4].   
In all VLM analyses, angle of attack αf , defined with 
respect to the fuselage reference axis, has been varied in 
the range αf = −12o ÷ +10o. Since VLM is based on the 
potential flow model, both CL and CM curves can be 
calculated only in their linear domains, and angles αf > 
+10o have not been considered.  
Initial comparisons of the wind tunnel data and VLM 
results have been done for Utva with flaps retracted, and 
with zero elevator deflection. The results obtained by 
VLM, without any calibrations applied, have shown good 
agreements for the gradients (slopes) of CL and CM 
curves, but both curves were shifted with respect to the 
wind tunnel points [5]. In reference [4] it is not stated 
whether the incidence angles of the wing and horizontal 
tail on wind tunnel model, during tests in 1976, were the 
same as on Utva 75 production airplanes (+2o for the 
wing, and −2o for the tail, which were initially applied on 
the VLM model). Thus first calibration parameters that 
were considered for VLM were the incidences. Incidence 
corrections of +0.9o for the wing and +2.0o for the tail 
have been determined. With these values, very good 
match between wind tunnel and VLM results has been 
obtained, and they have been preserved and applied in all 
other VLM Utva 75 analyses. 
The next set of cases analyzed was Utva 75 configuration 
with elevator deflections in range  δe = −30o (up) ÷ +20o 
(down), with 10o steps, without the deflection of flaps. 
Neglecting the boundary layer effects, VLM inherently 
overestimates control surface effectiveness. In this case 
gradients were also good, but shifts, specially of moment 
curves, were quite large (Fig. 5.). The use of some 
generalized corrections, such as suggested in reference 
[3], failed to give any satisfactory matches with wind 
tunnel data. Through repeated tests, finally the elevator 

calibration factor ηe values that gave good match were ηe 
= 0.6; 0.75; 0.9; 1.0; 0.82 and 0.7 for the above mentioned 
δe range, being a non-linear and asymmetrical function 
with respect to the δe = 0o. 
 

 
 

Fig.5. Wind tunnel data and VLM results, elevator 
deflection δe = −30o (ηe calibration) 

 

 
 

Fig.6. Example of the single slotted flap geometry 
 
Utva 75 has single slotted flaps [6], and the same type of 
flaps is considered for the NLA (Fig. 6.). On the other 
hand, the VLM inherently treats flaps in the same way as 
the control surfaces - as simple plain flaps. 
 

 
 
Fig.7. Wind tunnel data and VLM results,τ = 25o, δe = 0o 

(calibration: ηf, Cirwf, Cirhf) 
 
Principal difference between the two types is that slotted 
flaps rotate about the axis which is below the wing 
structure. This way, a convergent gap between the slotted 
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flap and the wing structure appears, and thus it generates 
higher lift (or "circulation") than the plain flap. 
Utva's wind tunnel data exist for flap deflections of τ = 
25o and τ = 45o (also in combinations with same elevator 
deflections as before). Uncorrected VLM results for CM 
vere quite good, but CL showed both gradient and shift 
discrepancies (Fig. 7.). After a number of tests, initially 
for the case δe = 0o, simultaneous combinations of flaps 
efficiency ηf  factor (affecting shift) and circulation 
calibration Cirwf factor (affecting gradient) have been 
defined, which gave very good agreements with 
experiment. The "fine tunning" of CM also required the 
introduction of the third parameter, the horizontal tail 
circulation calibration Cirhf  due to flaps deflection 
which, combined with other two, gave precise agreements 
considering the longitudinal stability derivetives. Then, 
tests have also been repeated for all elevator deflections, 
and ηe for τ = 25o and τ = 45o have been sucessfuly 
determined.  
Summary of all VLM calibrations for Utva 75, derived 
from wind tunnel tests, is shown in Fig. 8, including 
elevator effectivenes factors for diferent flaps positions, 
flaps efectiveness factor, and circulation infuences. 
 

 
 
Fig.8. Calibration diagrams for VLM model of Utva 75, 

determined from wind tunnel test data 

Using interpolation methods, appropriate calibration 
factors have been recalculated for NLA, taking into 
account differences of wing areas in flaps domains, and 
different reference flap deflections (τ = 20o and τ = 30o). 
Calibration diagrams obtained for NLA's vortex lattice 
analyses are shown in Fig. 9. 
 

 
 

Fig.9. Calibrations for NLA, recalculated taking into 
account different geometry and flap deflections 

 
Using these diagrams, several typical cases considering 
NLA's lift curves without and with flaps and elevator 
deflected have been obtained by independent VLM and 
Datcom calculations, and very good agreements have 
been obtained (of course, in linear domains) [5] verifying 
the accuracy of determined calibration functions. 
 
4. AERODYNAMIC AND LONGITUDINAL 

STATIC STABILITY CALCULATIONS 
 
The first step in the application of VLM aerodynamic 
analyses of the new light aircraft was determination of 
linear domains of lift coefficient LC and pitching moment 
coefficients. Three typical flaps deflections τ = 0o, τ = 20o 
and τ = 30o have been analyzed for elevator deflections in 
the range δe = −30o to δe = +20o with 10o deflection steps. 
Results are shown in Fig.'s 10. ÷ 12. 
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Fig.10. Lift and moment for different δe and τ = 0o 
 

 
 

Fig.11. Lift and moment for different δe and τ = 20o 
 

 
 

Fig.12. Lift and moment for different δe and τ = 30o 

 
 
Fig.13. Lift-moment diagrams for different δe and τ = 0o 

 

 
 
Fig.14. Lift-moment diagrams for different δe and τ = 20o 
 

 
 
Fig.15. Lift-moment diagrams for different δe and τ = 30o 
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These analyses have enabled generation of L MC C−  
diagrams (Fig.'s 13. ÷ 15.), where their slopes define the 
derivative /M LdC dC , which represents measure of the 
airplane's longitudinal stability (airplane is stable when 

/ 0M LdC dC < ). Results are shown in Table 1. For an 
airplane whose longitudinal static stability is, for example 

/ 0.1376M LdC dC = − , it is usually said that it is 13.76% 
stable, and such nomenclature is applied in this table. 
 
Table 1. Longitudinal static stability (power-off, stick 
fixed cases) 
 

Case Flaps 
deflection 

Longitudinal static stability 
for range of elevator 

deflections  δe = −30o to +20o 
Flaps up τ = 0o 13.76%  ÷  15.85% 

Flaps 
down τ = 20o 13.77%  ÷  15.81% 

Flaps 
down τ = 30o 13.61%  ÷  15.64% 

 
Keeping in mind that NLA has very powerful elevators, 
with relative chord / 0.4e tc c =  (ratio between elevator 
and whole horizontal tail chord), two important 
conclusion can be drawn so far, from the presented CFD 
analyses. First, the elevator deflection has quite 
remarkable influence on lift coefficient curves - see Fig.'s 
10. ÷ 12. (while in some preliminary analytical methods it 
is neglected). Second, theoretical analyses state that 
elevator deflection has no practical influence on 
longitudinal stability. From Table 1. it is obvious that this 
influence is of the order of 2%, which definitely is a small 
influence, but not quite negligible.  
Considering drag coefficient calculations, general formula 
which describes total airplane drag can be written as: 
 

2
minD D L DiC C k C C= + ⋅ +  (6) 

 

 
 
Fig.16. NLA at αfus = - 5.6o, τ = 30o and δe = −30o, where 

total lift is equal to zero, but induced drag is not 
 
The first two members on the right side of (6) define the 
so called parasite drag, not generated by lift. The minDC  
represents its minimum value for the entire airplane, 
while 2

Lk C⋅  represents its "position" component, 

dependant on the angle of attack (and just for the ease of 
calculations expressed in terms of the lift coefficient). The 
third member DiC  represents the lift induced drag, and 
only this component can be calculated by VLM, because 
first two are primarily the consequence of viscous effects. 
Theory often treats the induced drag of the wing as the 
only relevant component contributing to it, defined as:  
 

2
L

Di
C

C
AR uπ

=
⋅ ⋅

 (7) 

 
where AR represents the wing's aspect ratio (or "relative" 
wing span), and u is the correction for non-elliptical wing 
planform shape. Taking (7) literally, when lift coefficient 
is zero, induced drag does not exist, which is acceptable 
for simple analytical preliminary calculations.  
On the other hand, this is not quite true - with flaps and 
elevator deflected, the total lift of the entire airplane 
configuration at certain angle of attack will be zero, but 
induced drag will not, since local lift distributions around 
flaps and elevator will generate "local" induced drags, and 
thus 0DiC ≠ . An example is given in Fig. 16, where at 
fuselage angle of attack αfus = - 5.6o, with flaps deflection 
τ = 30o and elevator deflection δe = −30o, lift coefficient 
of the NLA is 0LC = , while 0.0469 0DiC = ≠ .  
In this sense, the capability of VLM to calculate the true 
induced drag for any given configuration, presents a great 
advantage. Because of that, for aerodynamic calculations 
of the NLA, a hybrid method approach has been applied. 
The first two members in (6) have been determined by 
reliable and highly recognized analytical methods, while 
induced drag has been calculated by VLM: 
 

[ ]2
min VLManalyticalD D L DiC C k C C⎡ ⎤= + ⋅ +⎣ ⎦  (8) 

 
Applying Datcom [7], the value of the minimum drag 
coefficient min 0.03737DC =  of the NLA, without flaps 
and elevator deflections, has been determined (details of 
this method exceed the scope of the paper). Increase of 
the minimum drag due to flaps deflections has been 
determined using DVL method (described in [6]), giving 

min 0.000748DC∆ =  for τ = 20o, and min 0.00413DC∆ =  
for τ = 30o. According to investigations of Douglas 
Aircraft Company, parameter min0.38 Dk C= ⋅  for the 
airplanes of classical design, with unswept wings. This 
way, the general equations for total drag of NLA, with 
flaps deflections τ = 0o, τ = 20o and τ = 30o are 
respectively: 
 

[ ]2
VLM

0.03737 0.0142D L DiC C C= + ⋅ +  (9) 
 

[ ]2
VLM

0.03812 0.0145D L DiC C C= + ⋅ +  (10) 
 

[ ]2
VLM

0.04150 0.0158D L DiC C C= + ⋅ +  (11) 
 
Induced drag polars calculated by VLM, and total drag 
polar curves, determined using equations (9) ÷ (11), are 
shown in Fig.'s 17 ÷ 19. 
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Fig.17. Induced and total drag polars, for τ = 0o case and 

elevator deflections δe = −30o to δe = +20o 

 

 
 

Fig.18. Induced and total drag polars, for τ = 20o case 
and elevator deflections δe = −30o to δe = +20o 

 

 
 

Fig.19. Induced and total drag polars, for τ = 30o case 
and elevator deflections δe = −30o to δe = +20o 

 
 

Fig.20. Lift curves for τ = 0o, τ = 20o and τ = 30o, zero 
elevator deflection in all cases; Datcom and VLM 

 

 
 

Fig.21. Calculated and fitted polars for τ = 0o, τ = 20o 
and τ = 30o, zero elevator deflection in all cases 

 

 
 

Fig.22. Lift / drag ratio for τ = 0o, τ = 20o and τ = 30o, 
zero elevator deflection in all cases 
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The values of maximum lift coefficients and critical 
angles of attack had to be determined by Datcom, and 
complete LC α÷  curves for three characteristic flaps 
deflections are shown in Fig. 20. Results for linear 
domains, obtained by VLM, are shown in the same figure, 
and they obviously coincide well with Datcom results.  
In order to obtain analytical forms of equations (9) ÷ (11), 
the total drag polars were drawn in 2

L DC C÷  coordinates, 
converting parabolic polars in linear functions, which 
have been fitted as shown in Fig. 23. Due to the shift of 
induced drag polars with flaps (and/or elevator) 
deflections, drag coefficient values at zero lift for τ = 20o 
and τ = 30o cases have larger values than in (10) and (11). 
Final polars for the NLA are shown in Fig. 21, and 

/L DC C  ratios in Fig. 22.  
 

 
 

Fig.23. Analytical fitting of three characteristic polars 
 
5. CONCLUSION 
 
The paper describes the application of a hybrid method 
approach, used in primary aerodynamic and static stability 
calculations of a new light aircraft in symmetric flight 
configurations, with flaps and elevator deflections. 
Initially, within the vortex lattice method, the calibrations 
for effectiveness and circulations of flaps and elevator 
have been derived from the wind tunnel test data of an 
existing aircraft of the similar category. This way, reliable 
induced drag polars have been obtained for the NLA with 
different combinations of flaps and elevators deflected. 
The parasite drag components, not calculated by VLM, 
have been estimated using well known Datcom and DVL 
semi-empirical methods. After superimposing the parasite 
and the induced drag results, the total drag polars and 
lift/drag ratios have been successfully obtained by 
analytical fitting of point-to-point values, obtained from 
combined CFD and semi-empirical calculations.  
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THE FAILURES OF A SUPPORTING 

STRUCTURE OF A COAL-RELOADING 
BRIDGE AND METHODOLOGICAL 

APPROACH TO RECOVERY OF THE 
DAMAGES 

 
Vujadin ALEKSIĆ 
Ljubica MILOVIĆ 

Zorica KOVAČEVIĆ 
 
Abstract: In present paper, methodological approach to 
the analysis of the failures and recovery of the damages 
has been presented on an example of fracture and 
damage of a structure of the reloading bridge. The 
approach presented can be applied to various types of 
similar structures, and its application in preventive 
maintenance would contribute to extension of exploitation 
life of the reloading bridges. 
Keywords: reloading bridge, welded structure, damage, 
recovery 
 
1. INTRODUCTION 
 
Due to their specific performances and capacities, coal-
reloading bridges are vital components of a system for 
indoor transport and supply of coal in thermal power 
plants in Serbia. 
Because of extremely strict requirements concerning 
realization of projected capacity and safety of operation, 
design and calculation of vital parts of the coal-reloading 
bridges – supporting structure and motion drive – are a 
complex task. 
Continuous exploitation under severe operating 
conditions leads to relatively frequent failures of the sub-
systems of the coal-reloading bridges. In addition to direct 
material loss, the failures of these machines cause indirect 
loss due to interruption of operation of the system, which 
often significantly exceeds the direct one. Among the 
causes of these failures, the omissions of the project 
engineers in loading analysis, modelling, response 
analysis and inadequate exploitation and maintenance are 
highly ranked. 
Four reloading bridges of 50-m span and 300-t capacity 
are used for the necessities of an outdoor coal warehouse 
of TE KOLUBARA A (Veliki Crljeni). During their 
exploitation, interruption of operation due to defects of 
the supporting structure [1,2] occurred relatively 
frequently, and in extreme cases even the structure failure 
(fall) occurred, which has most frequently been attributed 

to omissions in the technology of manufacture and/or  
irregular handling. In Fig. 1, the reloading bridge Metalna 
300 at TE KOLUBARA A has been shown. 

 
Fig.1. Coal-reloading bridge Metalna 300 

 
2. TECHNICAL DIAGNOSTICS 
 
Adequately conducted technical diagnostics prevents 
sudden damage of the system components and provides 
safe operation for the employees and rational techno-
economic exploitation and maintenance. Technical 
diagnostics should be conducted based on three main 
principles: 

 the scope of testing and measurement should result 
from the case study of exploitation of reloading 
bridges, including expert knowledge on its 
construction and operating conditions; 

 testing and measurement should be conducted 
according to the specific procedure, using adequate 
equipment by highly skilled personnel; 

 testing results should be presented so that the 
conclusions include exploitation of production 
technical systems and disposability of testing 
personnel and team experts with adequate experience 
and knowledge in the field of design, construction, 
assembling, exploitation, maintenance, safety, fracture 
mechanics, etc. 

 
3. THE FACTORS AFFECTING DAMAGES 
 
Premature fracture or damage of the structural parts and 
components of the reloading bridges occur when a large 
number of technological, metallurgical, design and 
exploitation factors, simultaneously affects them, as 
shown in Fig. 2. 
 

 
Fig.2. Factors affecting safety 
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Favourable design solutions that would ensure driving 
safety of the parts and structural integrity of the reloading 
bridges can be achieved only if their behaviour in various 
modes of operation is completely known [3]. 
In exploitation of the reloading bridges, fatigue of the 
assemblies and their integral parts occur. Degradation of 
the material properties and/or deformation of the 
components can develop more rapidly due to omissions in 
exploitation and overhaul; therefore, for systematic 
control of the processes that might create conditions for 
system failures, periodical or continuous diagnostic 
measurements [4] and periodical testing are necessary. 
 
4. ESTABLISHMENT OF DAMAGES 
 
Reloading-bridge structure is exposed to low-cyclic 
dynamic loading. Such a loading on the reloading bridge 
under consideration induced fatigue fracture of the 
supports (feet) of the reloading bridge, Fig. 3, detected by 
visual inspection. 

 

 
Fig.3. Structure with damages 

 
5. DAMAGE ANALYSIS 
 
The analysis of the damages and fractures of vital parts 
makes it possible to establish their cause in order to 
eliminate it, which is the process requiring systematic 
approach to the problem, Fig. 4. 

 
Fig.4. Process of analysis of damages and fractures 

 

The system for continuous diagnostics can be established 
based on investigation of the failures and causes of 
defects of specific assemblies of the reloading bridges by 
applying the fault-tree analysis (FTA), critical point of 

failure by applying failure mode and effects analysis 
(FMEA) and indexes of reliability obtained by analysis of 
input data for actual conditions of exploitation.  
The analyses of damages and fractures of the parts and 
components of supporting structures provide important 
information for improvement of the methods for design 
and construction of vital parts and components of 
supporting structures and for improvement of properties 
of the existing materials and technologies for their 
processing and development of new materials as well. In 
addition, the analyses of damages and fractures enable 
development of new technical solutions and testing 
methods already in the prototype phase. 
 
6. DATA FROM DATABASE 
 
The data on loading, properties of base metal and its 
welded joints, technology of manufacture, technical and 
physical properties of registered fractures and anticipated 
preventive measures against damages and destruction can 
be obtained from corresponding databases, the structure 
of which is shown in Fig. 5. 

Fig.5. Database structure 
The databases of realized investigations [5] of adequate 
structures provide numerous possibilities for detailed 
analysis of behaviour of vital parts and components of 
supporting structures. It should enable establishment of 
variations of mechanical properties of the materials, parts 
and welded joints of the structures when varying a large 
number of the factors of influence; at the same time, some 
undesirable effects should be reduced to acceptable value, 
i.e. constructional solution should be favourable as a 
whole. 
The data on loading, properties of base metal and its 
welded joints, technology of manufacture, technical and 
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physical properties of registered fractures and anticipated 
preventive measures against damages and destruction 
should be imported into corresponding database. The 
databases should also include the data collected by testing 
of previous structures of adequate supporting structures. 
Quick and reliable assessment of integrity and 
applicability of vital parts and components of supporting 
structures of the loading bridges is possible only by 
creation of the database and foundations for development 
of softwares. 
Relevant software packages would provide the possibility 
for more efficient use of the database, analysis of 
individual factors of influence, development of the 
techniques for improvement, and search for variant 
solutions in all phases of design and development of the 
structures. 
 
7. DOCUMENTATION AND PREPARATION 

FOR RECOVERY 
 
Based on conducted testing and analyses, using the data 
from the database, the documentation for recovery was 
prepared with corresponding drawings, Fig. 6, 
calculations and welding technology with anticipated 
testing using the NDT method before, during and after 
recovery. 

 
Fig.6. Abstract from documentation 

 

An integral part of the welding technology is a procedure 
containing the sequence of all operations preceding 
recovery. These are, first of all, supporting of the 
structure, cutting of damaged supports and preparation for 
welding, Fig. 7. 
 

 
 

Fig.7. Supporting of structure and cutting of supports 

8. QUALITY CONTROL OF RECOVERY 
For the necessities of quality control, 100% visual testing 
was conducted before, during and after welding. After 
welding, welded joint of the supports of reloading bridge 
was 100% tested by applying magnetic particle testing 
and ultrasonic testing. 
 

8.1. Visual optic testing (VT) 
 

It is used for detection of the defects of any type that may 
be observed on the surface and the cause of their 
initiation. It is applied regardless the method to follow, as 
it is possible to detect the defects and thus to avoid the 
application of other, more expensive NDT methods. It is 
also used for selection of the critical spots on the object 
shat shall be subsequently tested by applying some other 
NDT methods. It is often repeated on the same objects, 
too (e.g. before and after cleaning, or before and after 
anti-corrosive protection). There are great possibilities for 
its automation and application at the spots that human eye 
cannot reach. 
 

8.2. Testing with Magnetic Particles (MT) 
 

This method is based on outflow of waste magnet flux 
induced by presence of surface or sub-surface defects and 
flaws such as cracks, notches, inclusions and other types 
of sharper planar defects. The advantages of this method 
are moderate costs that it requires, and the fact that when 
properly conducted it provides very good sensitivity in 
detection of surface defects, and with proper selection of 
the parameters of sub-surface flaws as well. The 
disadvantages are the limitation of application on 
ferromagnetic materials only, as well as possible necessity 
of demagnetization after termination of testing. The most 
frequent application is that for detection of the cracks and 
other sharp defects in welded joints, castings and 
forgings. 
 

8.3. Ultrasonic testing (UT) 
 

This method is based on recording of the variation of 
sound resistance induced by presence of the cracks, voids, 
inclusions and physical separation in the material in 
general. The advantage of this method is its applicability 
even in case of very thick materials; it is excellent for 
detection and location of the cracks and other defects and 
suitable for automation. It is considered that its main 
disadvantage is the necessity of a contact medium on the 
surface to be tested, as well as the requirement that the 
surface on which the sonde moves should be relatively 
smooth (as required by polishing to metal shine). The 
most frequent application is that for detection and 
accurate determination of the defects of sheets, welded 
joints (butt and angle-welded), steel castings and forgings, 
if allowed by their geometric configuration. The 
application of this method in testing of the materials with 
high damping of ultrasonic energy (high-alloy austenitic 
steels, cast bronze and alike) is aggravated and is possible 
only under special conditions. 
As the above-specified control and testing methods did 
not reveal any inadmissible defects in preparation, 
welding process and welded joints, Fig. 8, there was no 
need for their repair after recovery, so that the structure 
was released and put into trial operation. 
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Fig.8. NDT after recovery 

 
9. MODEL OF MAINTENANCE SYSTEM AS 

PREVENTIVE MEASURE 
 
Technological process of loading, transport and unloading 
of coal including reloading bridge, belt conveyor and 
coalbunker requires special organization of the 
maintenance system. Organization of the system for 
maintenance of the reloading bridges depends, in the first 
place, on their size, shape and structure, number of 
employees, experience of the experts in the maintenance 
system, corresponding databases for maintenance and 
previous testing of the driving aggregates and supporting 
structures with various types of reloading bridges. In Fig. 
9, organizational model of the maintenance system of the 
reloading bridges as a preventive measure against 
damages is shown 

 
Fig.9. Organizational model of maintenance system for 

reloading bridges 
 
10. CONCLUSION 
 
Only the testing of reloading-bridge structures under 
operating conditions makes it possible to assess their state 
completely. This testing provides the data necessary for 
comparison of quality and assessment of structures, 
assessment of the effect of volumetric operation of 
individual parts and components on carrying capacity and 
determination of simultaneous operation of driving units 
and structure as well. 
The results presented in this paper and realized 
investigations provide great possibilities in detailed 
analysis of behaviour of vital parts and components of 

supporting structures of the reloading bridges in order to. 
determine the variations of mechanical properties of the 
materials, parts and welded joints of the structures when 
varying a large number of the factors of influence; and at 
the same time to produce the structures of higher safety or 
to reduce some undesirable effects to acceptable value, 
i.e. to realize favourable constructional solution for a 
reloading bridge as a whole. 
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DIFFERENT APPROXIMATION LEVELS 

FOR CONTROL SYSTEMS OF 
CONTAINER CRANES IN RIVER 

TERMINALS 
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Abstract: Paper gives the approach and examples for 
determination of oscillating period (swinging) of the load 
for container quay cranes which are working in the river 
terminals. For container cranes, which require the 
positioning accuracy of about ± 5 cm, calculation of 
oscillating period of the hanging load as a pendulum is 
not acceptable because of specific kinematics of ropes, 
regardless to the fact that for long time it has been stated 
in papers of the leading manufacturers in the world  (for 
example, Siemens and Hitachi). For container cranes 
which are working in river terminals, the most demanding 
working movement is the one of the crane’s portal with 
mass over 300t  and the problem of qualitative control 
system and fast positioning became important only after 
year 2000, when river terminals become big logistics 
centers. In order to learn about the influence of 
kinematics of the ropes to the oscillation period during 
horizontal movements along both axes (trolley movement 
axis and portal movement axis) and due to the complexity 
and non-linear nature of the system it was necessary to 
use simulations. Paper gives different approximation 
levels for control systems of container cranes in river 
terminals.  
 
Key words: Control systems, Container cranes, River 
terminals, Simulation. 
 
 
1. INTRODUCTION 
 
By increase of number of containers in flows in the river 
terminals, the efficiency, i.e. the reloading cycle time 
gains more importance. 
Since cranes in the river terminals also have as the 
working movement in addition to crane’s trolley the 
motion of portal, as the longest and the most influential 
upon the cycle time, the previous technical solutions of 

kinematics for the hoisting drive led to 16 rope lines, out 
of which 8 rope lines are connected to construction of 
crane’s trolley, and 8 rope lines of ropes are linked to 
drum of the drive mechanism for hoisting. 
 

 
 

Fig.1. Position of ropes for container cranes which work 
in river terminals  

 
Paper gives different approximation levels for control 
systems of container cranes in river terminals. In all cases 
the basis for the analyses of the control system is the 
oscillating period of the hanging load T. Adaptive 
controlling as the cut off case digital control, do not 
require measuring of spreader position, but purports  that 
the transient process from the calm status and that it lasts 
as long the oscillating period is T , what gives the special 
importance to the analysis of oscillation period. 
In aspiration to have the adaptive control method for the 
horizontal drives (of trolley and portal) as the compromise 
one from the electrical and mechanical aspects, it is 
necessary that the transient processes (acceleration and 
braking) are done during the natural period of oscillating 
of the composition container + spreader + trolley, i.e. 
container + spreader + crane portal. Due to influence of 
masses (trolley and portal) those oscillation times are not 
same in both axes of the horizontal plane. 
If the lifting drives of container cranes are to be modelled 
as lumped-mass model, which is the most frequently used 
in literature, the oscillating period would correspond to 
the oscillating period of the mathematical pendulum. 
 

 Reduced model ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

g
T lπ2  

 Extended model ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
=

gmM
MT lπ2  

 
Reduced model and extended model are presented on 
Figure 2. These models can be used to determine 
oscillation period for cranes with parallel ropes, where 
there is no need for accuracy in centimetres (e.g. in work 
with scoops). For container cranes which work in 
terminals needed position accuracy is about  ± 5 cm , so 
reduced model and extended model are not adequate for 
determination oscillation period.  
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Fig.2. Reduced model, extended model 

 
Looking for value of oscillation period for the system 
with 16 rope lines (Figure 3), and especially if the elastic 
properties are taken into account, is possible only by 
means of simulations which are the most favourable 
method for optimization. 
 
2. POSITION OF ROPES 
 
Modelling was done in software packet ADAMS 
(Automatic Dynamic Analysis of Mechanical Systems). 
Models with different approximation levels have been 
observed. Firs two simulation models purport trolley 
travelling along rigid construction of the crane’s girder, so 
that by simulations is obtained the period of oscillating of 
the freely hanging payload on elastic ropes with structural 
damping (Figure 3). 
Model No. 1 is an approximation of kinematics of ropes 
in relation to made constructions, so that there are only 4 
parallel ropes, with equivalent stiffness and structure 
damping (Figure 3). 
Model No. 2 corresponds to construction of kinematics of 
ropes applied in quay container cranes in river terminals 
with 16 rope lines of ropes, so that by means of 
kinematics of ropes itself is performed the partial 
mechanical calming down of containers’ oscillating in 

two axes of the horizontal plane (along axis of trolley’s 
travel and in axis of movement of crane’s portal). 
 

 
Fig.3.Different models 

 
Model No. 1 – Approximation or special case of work of 
quay cranes in  river terminals 
In case when mass of container is 30t, mass of spreader 
10t, trolley mass 50t and rope length is 26m the 
oscillating period is T ≈10s, what is close to 
approximation of mathematical pendulum, because the 
ropes are vertical. Constructions like this are used in 
container cranes that work in the warehouse, but then 
exist special – additional mechanisms with slantwise 
ropes which serve for damping of container’s oscillating.  
 
Model No. 2 – Equivalent model of applied constructions 
of quay cranes of  river terminals 
For moving of the crane’s trolley where mass of container 
is 30t, mass of spreader 10t, trolley mass 50t and rope 
length is 26m, the oscillating period is T ≈9,22 s.  
 
3. INFLUENCE OF THE STRUCTURE 
 
In order to learn about the influence of kinematics of the 
load lifting to the oscillation duration during horizontal 
movements in both axes (trolley movement axis and 
portal movement axis), due to the complexity and non-
linear nature of the system it was necessary to use 
simulations, where the variables are: span between ropes, 
load mass and ropes’ length. Figure 6 gives the model of 
the container crane. Simulations have first used simple 
models with rigid structure, where only ropes are elastic 
(with damping as in Figure 3), followed by the models 
with entire structure in order to analyze the impact of 
crane structure (Figure 4) . 
 

 
Fig.4. Simulation model of container crane 
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There appears to be a big impact of own structure 
frequencies, especially for portal movement, for the 
model with elastic structure. Simulations that have 
through control followed the natural oscillation period 
(adaptive control) are given in figures 5 and 6, for ropes’ 
length 16m, span between ropes 5 m. Figure 5 gives 
diagrams of container swinging related to the crane trolley 
during its movement. Container swinging related to the 
trolley during movement of the crane portal is given in 
figure 6. Velocity of crane trolley and portal is 2 m/s. 
 

 
Fig.5. Load oscillation diagram in direction of trolley 

movement 
 

 
Fig.6. Load oscillation diagram in direction of crane 

movement 
 
Dependence of oscillation period T for parameters: load 
mass and span between ropes as variables is given in 
figure 7 for trolley movement. 

 
Fig.7. Periods of own oscillations in direction of trolley 

movement depending on the load mass and span between 
ropes 

Simpler models with rigid elements cannot be used for 
determine oscillating period T because the effect of 
structure elasticity is dominant, especially in the 
horizontal plane and axis of the rail path. For comparison 
reasons a tabular representation for values of container 
oscillation periods as a hanging load is given, obtained 
through simulations, for conditions of independent and 
simultaneous crane trolley movement and crane portal for 
conditions of rigid construction (only ropes are elastic, 
Figure 3) and in case of simulation with elastic 
characteristics of iron crane structure (structure elements 
have been modelled as BEAM elements with structural 
damping), where: Tt – oscillation period in direction of 
crane trolley movement and  Tp – oscillation period in 
direction of portal movement. 
 
Table 1. Oscillation periods for ropes’ length 16m and 
span between ropes 5 m 
 

Load 
mass Movement Oscillation 

period Tt 
Oscillation 
period Tp 

Independent 4,55 s 4,66 s 

Simultaneous 4,53 s 4,68 s 20t 

Impact of 
elastic structure 4,93 s 6,75 s 

 
From the table above it follows that for the given 
conditions of construction kinematics oscillation periods 
in axis of crane trolley movement are around 5 s, while in 
the axis of crane portal movement of 6-7 s, which is 
acceptable from technical aspect. 
 
4. CONCLUSION 
 
By comparing the oscillating periods of all presented 
models it comes to the conclusion that: 
 

 kinematics of ropes has the greatest influence,  
 

 approximation of number of ropes that are taken for 
the model  (for example, one instead of two parallel 
ropes) also influences the oscillating period, 

 

 influence of the structure has impact of oscillation 
period and for more precisely determination of 
oscillation period must be observed that impact.   

 
This paper is extension of the previous paper “Simulation 
as basis for development of container crane control 
systems” which is presented on the 7th international 
scientific conference, research and development of 
mechanical elements and systems. Pervious paper didn’t 
analyse influence of crane structure on oscillation period 
of container, and that influence is presented in this paper.   
By simulations it has been shown that complex dynamic 
systems like the container cranes can not be observed as 
the mathematical pendulum. By simulation models with 
corresponding kinematics of ropes and ropes’ length as a 
variable, with container mass which is also variable, it is 
possible to get the proper values of oscillating periods of 
containers  in relation to crane’s trolley, which are the 
input  parameters of the control system. 
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OF THE MAIN GIRDER OF THE BRIDGE 
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OF LATERAL AND LOCAL STABILITY 
OF PLATES 
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Milomir GAŠIĆ 

Goran PAVLOVIĆ 
Radovan BULATOVIĆ 

Nebojša ZDRAVKOVIĆ 
 
Abstract: The paper considers the problem of 
optimization of the box section of the main girder of the 
bridge crane. Reduction of the girder mass is set as the 
objective function. The method of Lagrange multipliers 
was used as the methodology for approximate 
determination of optimum dependences of geometrical 
parameters of the box section. The criteria of lateral 
stability and local stabiity of plates were applied as the 
contraint functions. The obtained results of optimization 
of geometrical parameters were verified on numerical. 
 
Key words: Box section, bridge crane, optimization, 
lateral stability, local stability of plates 
 
1. INTRODUCTION 
 
The main task in the process of designing the carrying 
structure of the bridge crane is determination of optimum 
dimensions of the main girder box section. The main 
girder is the most responsible part of the bridge crane and 
therefore it is necessary, during optimization, to affect the 
increase in its carrying capacity with simultaneous 
reduction of its mass. The mass of the main girder has the 
largest share in the total mass of the bridge crane, so it is 
very important to perform its optimization in order to 
reduce the total costs of manufacturing the whole carrying 
structure. That is the reason why the selection of the 
optimum shape and geometrical parameters, which 
influence the reduction of mass and costs of 
manufacturing, is the subject of research of many authors 
regardless of whether they deal specifically with cranes or 
carrying structures in general ([1-16]). Most authors set 
permissible stress or two constraint functions: permissible 
stress and permissible deflection as the constraint 
function. The criterion of lateral stability has lately been 

increasingly applied as the constraint function ([8], [12], 
[15],  and [16]). Having in mind all the above mentioned 
results and conclusions, the aim of this paper is to define 
optimum values of geometrical parameters of the box 
girder cross-section that will lead to the reduction of its 
mass.  
 
2. MATEMATHICAL FORMULATION OF 

THE OPTIMIZATION PROBLEM 
 
The task of optimization is to define geometrical 
parameters of the cross section of the girder as well as 
their mutual relations, which result in its minimum area. 
Minimization of the mass corresponds to minimization of 
the volume, i.e. the area of the cross section of the girder, 
where the given boundary conditions must be satisfied. 
The area of the cross section primarily depends on: height 
and width of the girder, thickness of plates and their 
mutual relations.   
The optimization problem defined in this way can be 
given the following general mathematical formulation: 
minimize ( )f X  subject to ( ) 0g ≤X , where: 

( )f X  the objective function , 

( ) 0g ≤X  the constraint function,   

{ }1,..., T
Dx x=X  represents the design vector made of D 

design variables. Design variables are the values that 
should be defined during the optimization procedure. 
In this paper optimization for the criterion of lateral 
stability (3.1) and the criterion of  local stability of plates 
was performed (3.2): 

1 1 1 0r kg σ σ= − ≤ , (1.1) 

2 2 2 0r kg σ σ= − ≤ , (1.2) 
where: 

1 1,r kσ σ - the calculation and permissible stresses in lateral 
buckling of the girder, 

2 2,r kσ σ - the calculation and permissible stresses local 
stability of plates. 
The Lagrange function is defined in the following way: 

1 1 2 2A g gλ λΦ = + ⋅ + ⋅ , (2) 

1 2
1 20; 0g gA

b b b b
λ λ

∂ ∂∂Φ ∂
= + ⋅ + ⋅ =

∂ ∂ ∂ ∂
, (3.1) 

1 2
1 20; 0

g gA
h h h h

λ λ
∂ ∂∂Φ ∂

= + ⋅ + ⋅ =
∂ ∂ ∂ ∂

, (3.2) 

1
1

0; 0g
λ
∂Φ

= ⇒ =
∂

, 
2

2

0; 0g
λ
∂Φ

= ⇒ =
∂

, (3.3) 

1 1 2 2
1 2 0

g g g gA A A A
b h h b b h h b

λ λ
∂ ∂ ∂ ∂∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞⋅ ⋅ − ⋅ + ⋅ ⋅ − ⋅ =⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠

 

Since 1 2, 0λ λ ≠ , it is obtained: 

1. 1 1g gA A
b h h b

∂ ∂∂ ∂
⋅ = ⋅

∂ ∂ ∂ ∂
 ∧  1 0g =  (4) 

2. 2 2g gA A
b h h b

∂ ∂∂ ∂
⋅ = ⋅

∂ ∂ ∂ ∂
 ∧  2 0g =  (5) 
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3. OBJECTIVE AND CONSTRAINT 
FUNCTIONS 

 
3.1. Objective function 
 

The objective function is represented by the area of the 
cross section of the box girder. The paper treats two 
optimization parameters (h, b). The wall thicknesses t1 
and t2 (Fig. 1) are not treated as optimization parameters 
for the purpose of simplification of the procedure. Their 
values were adopted in accordance with the 
recommendations of crane manufacturers [17]. 
The vector of the given parameters is: 

( )cv ch o k ax M ,M ,Q,L, ,G ,E,k ,...σ=
r

 (6) 

where: 
Mcv and Mch are the bending moments in the vertical and 
horizontal planes, Q – the carrying capacity of the crane,, 
L- the span of the crane, Gk - the mass of the crane cab,   
E - the module of elasticity of the main girder of the 
crane, ka – the dynamic coefficient of crane load in the 
horizontal plane [11]. 

 
Fig.1. The box section of the main girder of the bridge 

crane 
The area of the cross section, i.e. the objective function, 
is: 

22( , ) ( , ) ( )A h b f h b e b h h
s

= = ⋅ ⋅ ⋅ + , (7) 

where: 
1 2/e t t=  - the ratio between thicknesses of plates at the 

flange and at the web, 
2/s h t=  - the ratio between the height and thickness of 

the plate at the web, 
/k h b= - the ratio between the height and width of the 

girder. 
To know the optimal value of the ratio between the height 
and width of the girder k is of particular significance for 
the designer, especially in the initial design phase so that 
its determination is the subject of research in a large 
number of papers ([3], [6], [7], [14], i [15]).  
The expressions for the moments of inertia around the x 
and y axes are: 

4 2
3

3

1 1 ( )
6 2x

h s eI e b h
s s

+
= ⋅ + ⋅ ⋅ ⋅ ⋅ , (8) 

2 2
3

2

1 1 ( )
6 2y

h h f b s hI e b
s s s

⋅ ⋅ +
= ⋅ ⋅ ⋅ + ⋅ ⋅ , (9) 

where: 

1 / 1f b b= < - the ratio between the distance of web plates 
and the width of flange plates of the box girder. 
Since the expressions for the moments of inertia (Ix, Iy) 
and the moments of resistance (Wx, Wy) are complex, it is 
common to take approximate values of expressions by 
neglecting the members of the lower order ([6], [7], [14],  
and [15]): 

2 2
x xI h Aβ= ⋅ ⋅ , x xW h Aα= ⋅ ⋅ , (10) 

2 2
y yI b Aβ= ⋅ ⋅ ; y yW b Aα= ⋅ ⋅ , (11) 

where: 
xβ , yβ  - the dimensionless coefficient of the moment of 

inertia for the x and y – axes, 
xα , yα - the dimensionless coefficient of the resistance 

moment of inertia for the x and y – axes. 
The coefficients xβ and xα are obtained from the 
conditions of equality of the equation (8) and the 
expression (10): 

2 21 3 ( )
2 3 ( )x

k s e s e
s e k

β ⋅ + ⋅ ⋅ +
= ⋅

⋅ ⋅ +
, 

22
2x x
s

s e
α β⋅

= ⋅
+ ⋅

. (12) 

 
Fig.2. Approximation of the coefficient of the moment of 

inertia around the x-axis 
Using the fact that s e  and s k  the coefficients 

with the form xβ  and xα  can be simplified: 

1 3`
2 3 ( )x

k e
e k

β + ⋅
≅ ⋅

⋅ +
, 3`

6 ( )x
k e

e k
α + ⋅

≅
⋅ +

. (13) 

This approximation can be graphically represented 
(Figure 2), where it is seen that deviations are negligible 
in the considered range of parameters k. 
By repeating the procedure for the moment of inertia and 
the moment of resistance for the y – axis, the following 
values of coefficients are obtained: 

21 3`
2 3 ( )y

k f e
e k

β ⋅ ⋅ +
≈ ⋅

⋅ +
, 

23`
6 ( )y
k f e

e k
α ⋅ ⋅ +

=
⋅ +

. (14) 

 

3.2. Constraint functions 
 
3.2.1. The criterion of lateral stability 
 

Testing of the box girder stability against lateral buckling 
was carried out in compliance with the Serbian standards 
of the group [15]. In accordance with the standards ([15], 
the compression zone of the box girder is observed as an 
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independent bar which is controlled against buckling due 
to the equivalent force arising from the bending moment 
of the girder (Figure 3). 
The pressure force D  of the imagined bar acts at point 
"o" whose section is the hatched contour (

pA ).The 
pressure force along the girder is variable, and the defined 
length of buckling is ([10],[11]): 0,63il L= ⋅ , whereas the 
equivalent pressure force along the girder is: 

p

cv px
x

xA

M S
D dA

I
σ

⋅
= ⋅ =∫ . (15) (15) 

This criterion is fulfilled if the condition of lateral 
stability is satisfied: 

1 1 1 1
1 0,9 0ch

r k k
p y

MDg
A W

σ σ σ
χ

= − = ⋅ + ⋅ − ≤ , (16) 

where: 
1 0,76k yfσ = ⋅  - critical stress,  yf  - yield strenght. 

The buckling coefficient χ  has the following values [11]: 
1χ = , if the relative slenderness of the bar is 0, 2λ ≤ , 

i.e. 

2

2

4
χ

β β λ
=

+ − ⋅
, (17) 

if the relative slenderness of the bar is 0,2λ >  (according 
to recommendations it is always greater than 0,2). For the 
box cross section of the main girder of the crane, the 
coefficient β  is: 

21 0, 489 ( 0, 2)β λ λ= + ⋅ − + . (18) 

The relative slenderness of the bar (λ ) is calculated by 
the expression: 

0,63 L
b ν

λ
β λ

⋅
=

⋅ ⋅
, (19) 

which, after some transformation,  can be written as: 

21
`

a g dλ λ
χ

= ⋅ + ⋅ + . (20) 

This approximation resulted in negligible deviations 
(Figure 3). By using the relations (16), (19) and (20), it is 
obtained that: 

( )2 2 2

21 ( )x
cv

p x y

D f bM c A
A h A b

γ
χ β β

⋅
⋅ = ⋅ + ⋅ ⋅

⋅ ⋅ ⋅
, (21) 

 
 

Fig.3. Presentation of approximation of the buckling 
coefficient 

In order to apply the method of Lagrange multipliers, for 
the criterion of lateral stability, it is necessary to find the 
corresponding partial derivatives (4) by using the relation 
(7) and (16): 

2
2

2

2 2 2
2

0,9 1 ( )
4
1 ( 2 )

x ch
y

x cv

y y

M
e a m e g m b

M h

e d b a m k g m h
h

β
β

γ

β β

⋅ ⋅ = ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ +

⋅ ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅
. (22) 

This equation is, with the corresponding transformations 
and neglecting higher order members, reduced to the 
form: 

( )
( ) 2

3 1 1( , ) 0,442 10,08 0,442 0
2
k e

F k e
e k k k
+

= + − − =
+

. (23) 

From this expression, the optimum value of parameter k, 
according to the criterion of lateral stability as a function 
of the value of parameter e, can be obtained. By using the 
obtained dependences from the constraint function 
according to the criterion of lateral stability, the objective 
function can be written in the following form: 

2 2
1 1 2 1

1 3 2 2
1 1 2 1

( )
( ) ,

( )
cv ch

k a

K M k f h K M k h
A h

h K c k f h K k c k hσ
⋅ ⋅ ⋅ + ⋅ ⋅ ⋅

≥
⋅ − ⋅ ⋅ ⋅ − ⋅ ⋅ ⋅ ⋅

 (24) 

3.2.2. The criterion of local buckling of plates  
 

Testing of the box girder stability was carried out in 
accordance with the standards group (16). According to 
this standard, it is necessary to check the stability of the 
flange plate with the width b1 and the thickness t1 (Figure 
4), the stability of the web plate above the longitudinal 
stiffener (length a, height h1 and thickness t2 – Figure 4) 
as well as the stability of the web plate under the 
longitudinal stiffener (length a, height h2 and thickness t2 
– Figure 4). 

 
Fig.4. Elements of the box profile relevant for testing of 

the local stability 
 
Testing of the stability of the flange plate segment (Figure 
4) subjected to the action of normal compressive stress in 
the x direction was carried out. 
This criterion is fulfilled if the following condition is 
satisfied: 

2 2 0cv ch a
k

x y

M c A M k c A
g f

h A b A
σ

α α
+ ⋅ + ⋅ ⋅

= + ⋅ − ≤
⋅ ⋅ ⋅ ⋅

, (25) 

where: 
2 /k x y mfσ κ γ= ⋅  - critical stress, 

1,1mγ =  - the general resistance factor, 

xκ  - a reduction factor according to Equation: 
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2

1 0,22 1x e
x x

cκ
λ λ

⎛ ⎞
= ⋅ − ≤⎜ ⎟

⎝ ⎠
 za 0,673xλ > , (26) 

1xκ =  za 0,673xλ ≤ , 
where: 

xλ  - the non-dimensional plate slenderness, 

yk
x

e

f
K

λ
σ σ

=
⋅

, (27) 

1, 25 0,12e ec ψ= − ⋅ , 1, 25ec ≤ , (28) 

eψ  - the edge stress ratio of the plate, relative to the 
maximum compressive stress, 
Kσ  - a buckling factor  according to [16], 

eσ  - a reference stress according to Equation: 

( )
2

2
1 12 /

12 (1 )e
E t bπσ
ν

⋅
= ⋅

⋅ −
. (29) 

Kσ  depends on the ratio between the plate sides 
1/e a bα = . Now, this relation is to be analyzed.  

In the cross section I the vertical diaphragms are placed at 
the distance of 2h, so that this ratio takes the value: 

1/ 2 /( ) 1e a b h f bα = = ⋅ ⋅ > . 
Also, it is necessary to analyze koefficient eψ . It takes 
following value: 

1

2

1 1

y

a x
e

y

a x

c f k
k
c f k
k

α
ασ

ψ
ασ
α

⋅ − ⋅
= =

⋅ + ⋅

, (30) 

where: 
1 1,5ν =  - the factored load coefficient for load case 1, 

1 2,σ σ  - the stresses due to the factored load. 
For average values, this ratio can also be approximately 
written by the expression 0,83 0,06p kψ ≈ − ⋅ . By using 
this approximation, with appropriate transformation, it 
can be obtained: 

8,2
1,88 0,06pK

k
σ =

− ⋅
. (31) 

xp
p

Ko s f
e kK

λ
σ

⋅
≈ ⋅

⋅
,   

where: 
212 (1 )1 yf

Ko
E
ν

π
⋅ − ⋅

= ⋅  - constant. 

In Figure 5 it is shown that the factor xκ  takes the value 1 
for the defined range of the ratio k, classification class 
2m/M5 and girder material S235JRG2. 
In order to apply the method of Lagrange multipliers, it is 
necessary to find the corresponding partial derivatives (5), 
in accordance with the expressions (7) and (25): 
After some transformation, it is obtained: 

1
2

y

x a

e c
k

f k
α
α
⋅

= ⋅
⋅

. (32) 

 
Fig.5. Change of the coefficients xpλ and xκ as the 

function of the parameter k 
 
From this expression, we can get the optimum value of 
the parameter k according to the criterion of lateral 
stability of the flange plate. Using the obtained 
dependencies from the constraint function according to 
the criterion of stability of the flange plate, the constraint 
function can be written in the following form: 

2
2

/ /
( )

/ /
cv x ch y pl

k x a y pl

M f M k
A h

h c f k c k
α α

σ α α
+ ⋅ ⋅

≥
⋅ − − ⋅ ⋅ ⋅

. (33) 

Testing of the local stability of the web plate in area 1 and 
area 2, whose dimensions are given in Fig. 5, was carried 
out.  
Besides the normal stresses in x direction, there is normal 
stress in y direction too, due to the action of wheel 
pressure. 
The case when, in addition to vertical stiffeners at 
midspan, a row of horizontal stiffeners is also placed at 
the distance of ( )0,25 0,33 h÷ ⋅  was considered, according 
to crane manufacturers. The areas 1 and 2 are analyzed.  
Area 1: The criterion of stability of the web plate in area 1 
is fulfilled if the following condition is satisfied: 

( )
11

61, 1, 1,1,
1 1

, 1, , 1, , 1, , 1,

1
yx ee

Sd y Sd x Sd ySd x
x y

b Rd x b Rd y b Rd x b Rd yf f f f

σ σ σσ
κ κ

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⋅
⎜ ⎟ ⎜ ⎟⎜ ⎟ + − ⋅ ⋅ ≤

⎜ ⎟ ⎜ ⎟ ⎜ ⎟⋅⎝ ⎠ ⎝ ⎠ ⎝ ⎠

, (34.1) 

where: 

1,
cv ch a

Sd x
x y

M c A M k c A
f

h A b A
σ

α α
+ ⋅ + ⋅ ⋅

= + ⋅
⋅ ⋅ ⋅ ⋅

 - the highest value 

of the compressive stress in the x direction at point 1, 
1

1, 1
2 1

Sd y
r

F
t l
γ

σ ν
⋅

= ⋅
⋅

 - the highest value of the compressive 

stress in the y direction at point 1, 
, 1, 1 /b Rd x x y mf fκ γ= ⋅ , , 1, 1 /b Rd y y y mf fκ γ= ⋅  - the limit 

design compressive stresses, 
4 4

1 1 1 11 , 1x x y ye eκ κ= + = +  - coefficients,  

1xκ  - 1xκ - a reduction factor for area 1 
There is the same analogy for coefficients 1xλ , 1ec , as 
well as for 1eψ  and 1Kσ . The  y direction case will be 
analyzed later on.  
A reference stress 1eσ  is obtained according to equation: 

( ) ( )
2 2

2 2
1 2 12 2/ 4 /

12 (1 ) 12 (1 )e
E Et h sπ πσ
ν ν

⋅ ⋅
= ⋅ = ⋅

⋅ − ⋅ −
. (35.1) 

Since there is: 

1 0,54 0,015p kψ ≈ + ⋅ , (36.1) 
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it can be noted: 

1
8, 2

1,59 0,015pK
k

σ =
+ ⋅

, (37.1) 

1
1

( / 4)xp
p

Ko s
K

λ
σ

≈ ⋅ . (38.1) 

Fig. 6 shows that for average and expected parameters 
values, the value of coefficient is 1 1xκ = , wherein 
classification class is 2 and material is S235JRG2 . 
Incresing the slenderness s leads to some lower values. 
 

 
Fig. 6 Buckling coefficient  

 
Further on, load in y direction is analyzed: 

1F  - the highest wheel pressure, 

1 12,15 1,4rl e= + ⋅  - the effective distribution length [16], 

1yκ  - a reduction factor for area 1: 

1 2
1 1

1 0, 221,13 1y
y y

κ
λ λ

⎛ ⎞
= ⋅ − ≤⎜ ⎟⎜ ⎟

⎝ ⎠
 za 1 0,831yλ > , (38) 

1 1yκ =  za 1 0,831yλ ≤ , 
where: 

1yλ  - the non-dimensional plate slenderness for area 1 
according to Equation: 

1
1 1 1 1 1

( / 4)
/ /

y
y

y e r y r

f Ko s
K a c K a c

λ
σ σ σ

= = ⋅
⋅ ⋅ ⋅

, (39) 

1 0,5yKσ ≈  -a buckling factor for area 1 according to [16], 

1rc  - the width over which the transverse load is 

distributed (corresponds to 1rl ). 
Fig. 7 shows that for average and expected parameters 
values, the value of coefficient is 1 1yκ = , wherein 
classification class is 2 and material is S235JRG2 . 
 

 
Fig.7. Buckling coefficient  

 

On the basis of the obtained values the relation (34.1) can 
be written: 

22

1, 1, 1, 1, /Sd x Sd y Sd x Sd y y mfσ σ σ σ γ+ − ⋅ ≤ . (34.1.1) 

To maintain this relation the following condition must be 
fulfilled: 

1, 1,Sd x Sd yσ σ≥ , or the left side must be greater then the 
right side, whereby this dependences are given in relation 
to bridge crane span.  
Similar procedure is applied for area 2. 
This criterion is satisfied if the local stability condition is 
fulfilled: 

( )
22

62, 2, 2,2,
2 2

, 2, , 2, , 2, , 2,

1
yx ee

Sd y Sd x Sd ySd x
x y

b Rd x b Rd y b Rd x b Rd yf f f f

σ σ σσ
κ κ

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⋅
⎜ ⎟ ⎜ ⎟⎜ ⎟ + − ⋅ ⋅ ≤

⎜ ⎟ ⎜ ⎟ ⎜ ⎟⋅⎝ ⎠ ⎝ ⎠ ⎝ ⎠

, (34.2) 

where: 

2, 2
cv ch a

Sd x
x y

M c A M k c A
f

h A b A
σ

α α
+ ⋅ + ⋅ ⋅

= + ⋅
⋅ ⋅ ⋅ ⋅ ⋅

 - the maximum 

compressive stress in point 2 in x direction, 
1

2, 1
2 2

Sd y
r

F
t l
γ

σ ν
⋅

= ⋅
⋅

 - the maximum compressive stress in 

point 2 in y direction, 
, 2, 2 /b Rd x x y mf fκ γ= ⋅ , , 2, 2 /b Rd y y y mf fκ γ= ⋅  - the critical 

compressive stresses, 
4 4

2 2 21 , 1x x y ye eκ κ= + = +  - coefficients, 

2xκ  - a reduction factor for area 2. 
The same analogy exists for 2xλ , as well as for 2eψ  and 

2Kσ . Analysis for y direction will be done later on. 

2 1,25ec = . 
A reference stress 2eσ  is obtained according to equation: 

22

2 2

4
312 (1 )e

E
s

πσ
ν

⋅ ⎛ ⎞= ⋅⎜ ⎟⋅⋅ − ⎝ ⎠
. (35.2) 

Since there is: 

( )2 0,6 0,01p kψ ≈ − + ⋅ , (36.2) 

it can be noted 
2

2 15,1 1,8 0,0978pK k kσ = + ⋅ + ⋅ , (40) 

2
2

(3 / 4)xp
p

Ko s
K

λ
σ

≈ ⋅ ⋅ . (41) 

Fig. 8 shows that for average and expected parameters 
values, the value of coefficient 2xκ  varies, wherein 
classification class is 2 and material is S235JRG2 . 
Incresing the slenderness s leads to much lower values. 

 
Fig.8. Buckling coefficient  

 

Further on, load in y direction is analyzed: 
2 12,15 2 / / 2rl e h s h= + ⋅ ⋅ +  - the effective distribution 

length [16], 
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2 yκ  - a reduction factor for area 2. 
There exists the same analogy for coefficient 2 yλ  as for 

2 yKσ . 

12
2 2 2 2 2

3
/ 4/

y

y e r y r

f Ko s
K a c K a c

λ
σ σ σ

⋅
= = ⋅

⋅ ⋅ ⋅
, (42) 

2 1, 2yKσ ≈  - buckling coefficient [16], 

2rc  - the width over which the transverse load is 
distributed (corresponds to 2rl ). 
Fig. 9 shows that for average and expected parameters 
values, the value of coefficient 2 yκ  varies, wherein 
classification class is 2 and material is S235JRG2 . 

 
Fig.9. Buckling coefficient  

Based on the obtained values the relation (34.2) can be 
written: 

( ) ( ) 22

2, , 2, 2, , 2,/ / 1
yx ee

Sd x b Rd x Sd y b Rd yf fσ σ+ ≤ , (34.2.1) 

since ( )6

2 2 1x yκ κ⋅  . 
To do analysis, the ratio between the maximum 
compressive stress in this area and the compressive stress 
that occurred. 

2, 2 max, max,(0,52 0,009 )Sd x Sd x Sd xkσ ψ σ σ= ⋅ ≈ + ⋅ ⋅  
Now (34.2.1) becomes as follows: 

( ) ( )
44 22

11
2 2 2, 2/ /( ) 1

yx

x Sd y m y yf
κκψ κ σ γ κ

++ + ⋅ ⋅ ≤ . (34.2.2) 

Fig. 10 shows that for average parameters values and  
with load changing, this relation varies, where it was 
considered 160s = .  

 
Fig.10. The results 

Based on all mentioned above, it is possible to adopt such 
parameters that make the local stability criterion fulfilled. 
The area 1 is critical one for the investigation of vertical 
plates local stability, while the highest stress is analogous 
to flange plate stress.  Factors xκ  and 1xκ  take value 1 for 
expected values of relation k and slenderness s. According 
to this criterion, the same curve or constraint ( 2g ) is 
taken into account, as obtained in previous expression. In 
addition, according to this criterion, the optimal value for 

k is determined out of expression (32), just as flange plate 
local stability. The objective function is defined by 
relation (33). 
 
4. NUMERICAL REPRESENTATION OF THE 

RESULTS OBTAINED 
 
Using the expression (23) the optimum value of the 
parameter k1 according to the criterion of lateral stability 
is obtained. Optimum values of the parameter k1 as a 
function of the coefficient e, while 0,1ak = , are presented 
in Table 1. 
Table 1. 

e 1,2 1,3 1,4 1,5 
1k  3,35 3,33 3,31 3,30 

The expression (24) represents the objective function 
obtained from the constraint function according to the 
criterion of lateral stability and together with the objective 
function (7) it can be graphically represented. Fig. 11 
shows how the position of the intersection point changes 
depending on the selection of material, where adopted 
values are L=20 m and Q=12.5 t.  
Using the expression (32) the optimum value of the 
parameter k according to the criterion of lateral stability is 
obtained. Optimum values of the parameter k2 as a 
function of the coefficient e, while 0,1ak = , are presented 
in Table 2. 
Table 2. 

e 1,2 1,3 1,4 1,5 
2k  4,20 4,30 4,40 4,55 

The expression (33) represents the objective function 
obtained from the constraint function according to the 
criterion of local stability and together with the objective 
function (7) it can be graphically represented. Fig. 15 
shows how the position of the intersection point changes 
depending on the selection of material, where adopted 
values are L=20 m and Q=12.5 t.  
In order to perform a comparative analysis of 
optimization results, it is necessary to define the initial 
parameters of cranes, which refer to their geometrical 
characteristics, classification class and carrying capacity. 
These are the data, which the designer receives from the 
investor as the project task.  

 
Fig.11. Optimum values of the girder height and the 

objective function according to the criterion of lateral 
stability a) S235JRG2 b) S275JR c) S355JR 
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One of the main parameters that exist in the objective 
function (7) is slenderness s , which is defined as follows 
([11]): 

160 23,5 / 265 23,5 /y yf s f⋅ < ≤ ⋅ . (44) 

 
Fig.12. Optimum values of the girder height and the 
objective function according to the criterion of local 

stability a) S235JRG2 b) S275JR c) S355JR 
 

For starting the analysis, values in the middle of the range 
can be taken, so that for S235JRG2  it is 210s = , while 
for S355JR  170s = . Other parameters’ values in this 
phase are: 

1,33, 0,85, 1,15, 0,1,
2,3 , 15 .

a

k k

e f k
e m G kN

ψ= = = =
= =

.   

The analysis was performed for the classification class 
2m/M5 (FEM 9.511/ISO 4301-1), which is, according to 
the Serbian standarad most frequently used in practice. 
The following values hold for it: 

1,05, 1,20, 0,08, 1,20oK mγ α= = = = .   
The analysis was performed for steel S235JRG2 . In 
order to perform a comparative analysis, it is necessary to 
take into consideration the recommendations specified in 
the standard as well as those given by crane 
manufacturers (Catalogues 1996). Serbian crane 
manufacturers recommend that the minimum value of the 
width b1 should be 1 20b cm> , wherefrom it is obtained 
that: 

/ 20k f h≤ ⋅ , (45) 

while stability condition of top flange plate, after proper 
transformation, which reads: 

23.5
65 y

s fk
e f

⋅
≥ ⋅

⋅
. (46) 

If the expressions (7) and (24) are made equal, the 
dependence of the parameter k1  according to the criterion 
of lateral stability is obtained:  

( )1 1 2, , , , , , , , ,cv ch y ak F s e h K K M M f c k= . (47) 

If the expressions (7) and (33) are made equal, the 
dependence of the parameter k1  according to the criterion 
of local stability is obtained:  

( )2 , , , , , , , , , , , ,cv ch x y a yk F s e f h Q M M k f Eα α ν= . (48) 

Figures 13-15 present optimum geometric parameters’ 
values that are obtained for characteristic load capacities 
and spans of double-girder bridge cranes.  

This procedure enables quick and efficient determination 
of optimum value of parameter k, according to critical 
function.  
Width b1 value have no influence onto the optimization 
procedure, but has the impact on obtained results  of the 
optimized parameter k (Fig. 15).  
 

 
Fig.13. Multicriteria determination of the optimum value 

of the parameter k for the crane span L=10m and the 
carrying capacity Q=8 t 

 
Fig.14. Multicriteria determination of the optimum value 

of the parameter k for the crane span L=18m and the 
carrying capacity Q=16 t  

 
Fig.15. Multicriteria determination of the optimum value 

of the parameter k for the crane span L=10 m and the 
carrying capacity Q=16 t  a) b1=20 cm b) b1=25 cm 

 
5. CONCLUSION 
 
The paper defined optimum dimensions of the box section 
of the main girder of the bridge crane in an analytical 
form, by using the method of Lagrange multipliers, 
according to lateral stability and local stability criteria.   
[16]. The objective function is the minimum mass, i.e. the 
minimum area of the cross section, where the given 
constraints are satisfied: lateral and local stability,  
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manufacturing technology and top (compressed) flange 
plate stability. It can be observed that greater hights of 
box girder cross section are obtained according to local 
stability criterion [16] (consequently greater cross section 
areas) in comparison with those which are calculated due 
to lateral stability criterion, which is taken from national 
standarad. So, the local stability of plates is the primary 
criterion [16].  
The results obtained may be of great use to the engineer-
designer, particularly in the first phase of the design 
procedure when the basic dimensions of the main girder 
of the bridge crane, as its most responsible part, are 
defined. 
The conclusion is that further research should be directed 
toward a multicriteria analysis where it is necessary to 
include additional constraint functions, such as: material 
fatigue, influence of manufacturing technology, 
optimization of the ratio of plate thicknesses, types of 
material, conditions of crane operation. 
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SIMULATIONS AND DYNAMIC MODELS 

OF ELECTRICAL ELEVATORS 
 

Jovan VLADIĆ 
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Abstract: Electric drive elevators represent a special 
group of transport machines for vertical lifting of a load 
with stressed dynamic features. Special attention should 
be paid to the behaviour of these devices in exploitation, 
as early as in the projecting phase. The paper shows the 
process of forming adequate mechanical models for 
elevators grouped according to their features, and with 
this an analysis can be performed of the influence of 
certain parameters on their behaviour in operation. 
Based on the formed elevator models, simulations have 
been performed, and the obtained results are graphically 
shown through diagrams, with varying "dynamic" 
parameters (drive characteristics, velocity and 
acceleration, the height of lifting, rated load and the 
weight of the cabin, mechanical characteristics of the 
rope…) with the conclusions on their influence on 
elevator behaviour. 
 
Key words: elevators, dynamic models, simulations 
 
 
1. INTRODUCTION 
 
The problem of force transfer and driving by friction 
(driving pulley – supporting rope) and dynamic behaviour 
of certain elements of elevator device in exploitation is 
the subject of research in many studies and is still not 
satisfactorily solved as a whole. 
For determining dynamic load in the case of vertical 
lifting by a driving pulley in [1], the reduced mass of the 
driving part, mass of the cabin and load and mass of 
counterweight are used. Driving torque (force) in the 
transient regime of operation is defined approximately as 
a time function, depending on the characteristic of a 
driving motor (soft, medium, and rigid regime). Final 
solutions for lifting by a driving pulley are obtained based 
on the equilibrium of torques of both sides. The model is 
applicable at low heights and low lifting velocities. 
At low velocities and great heights we observe 
longitudinal oscillations of the dynamic model with an 

infinite number of degrees of freedom (oscillations of the 
steel rope as an elastic stick of constant length) [2]. 
At great lifting heights and great lifting velocities, a 
dynamic model is applied which considers the influence 
of changing the free rope length in relation to its dynamic 
behaviour [3] and [4] where different solutions are 
applied for solving the partial differential equations of 
movement for the cabin side and the counterweight side. 
Besides, in [3] there is an analysis of a connection 
problem between longitudinal and transversal oscillations 
of the steel rope in exploitation facilities in mining 
("Köppe" system). 
Ref. [6] shows the problem of longitudinal oscillations 
and stability of movement of an elastic string with 
concentrated masses. 
With the purpose of solving the stated problems, this 
paper shows different dynamic models of supporting 
elements which are suitable for elevator analysis 
depending on their drive characteristics (height, lifting 
velocities, mechanical characteristics of the rope...). It 
also shows the simulations of elevator dynamic behaviour 
for mechanical models of a driving mechanism whose 
movement is defined through the law of changing the 
number of revolutions of the electrical motor (application 
of managing devices) and the change of acceleration on a 
driving pulley (application of classical motors with one 
and two velocities). 
 
2. DYNAMIC MODELS IN THE LIFTING 

SYSTEM BY A DRIVING PULLEY 
 
Elevators represent a specific group of transport machines 
for vertical lifting. Needs of contemporary society have 
influenced developments of different elevator 
constructions. Fig. 1 shows some kinematic solutions. 
Dynamic analysis is a specific problem and it is related to 
every single case. In real life, most often applied elevators 
are those whose kinematic scheme is shown in Fig. 1a. 
 

 
           a)                                     b)                      c) 

 
d)                       e) 

 
Fig.1. Kinematic solutions for hanging the cabin and 

counterweight 
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Since the parameters of a dynamic model depend on 
masses, mechanical features of the elements’ materials, 
forces which affect the system, rope sliding conditions on 
a driving pulley..., the dynamic analysis of elevators is a 
very complicated problem. However, the problem can be 
greatly simplified [7], based on detailed research of drive 
lifting, especially the influence of element stiffness on its 
dynamic behaviour. The stiffness of some elements 
depends on constructive performance of a certain device, 
and yet it is possible to omit the elasticity of driving 
mechanism elements with great accuracy, related to the 
elasticity of a steel rope. Apart from the elevator 
elements’ masses, which are relatively easily defined, a 
dominant influence on the dynamic behaviour belongs to 
the rope stiffness and driving mechanism characteristics. 
Rope modeling is most often done by combining a 
Hook’s model (an ideal elastic body) and a Newton’s one 
(an ideal viscose body), as shown in Fig. 2. For the drive 
systems with vertical lift, it is justified to observe the rope 
as a Calvin’s or standard model (Fig. 2b and 2c), where 
the rope is considered as a spring of great stiffness (c) 
combined with damping (b). Those parameters depend on 
the construction and load of the rope and they are defined 
by an experimental method. 
 

 
      a)                            b)                                 c) 
 

Fig.2. Rheological models of material (a - Hook’s ideal 
elastic body, b - Calvin’s model, c - Standard model) 

 
Besides modelling of the elevator supporting elements, 
modelling drive characteristics is also very important. As 
mentioned before, because of the significant difference 
between the rope stiffness and the stiffness of driving 
mechanism elements, when modelling elevators they are 
observed as absolutely rigid, with the reduction of masses 
and inertia moments on the shaft of a driving pulley. 
Modelling of a driving moment, i.e. driving force, is 
complicated because it depends on the features of the 
driving motor, i.e. electromagnetic flux, balance masses, 
(especially of the first shaft, and the way of control (direct 
motor supply, motors with one or two velocities, control 
via frequency regulator...). Modelling of a driving 
moment is given in [5]. 
Elevator models depend in the first line on the lifting 
height and velocity. As real combinations of the two 
parameters there occur: 

 Passenger and freight elevators with small heights and 
low velocities of lifting, the so-called elevators with 
small lifting velocities. 

 Passenger and freight elevators with great heights and 
medium velocities of lifting, the so-called elevators 
with high lifting velocities. 

 Passenger elevators and exploitation facilities in 
mining with great heights and lifting velocities, the so-
called express elevators. 

The fourth combination (small height and great velocity) 
is not applied in practice. 
Elevators with small lifting velocities are elevators with 
the riding velocity up to 0,85 m/s which are generally 
used at maximum heights of about 15-20 m. This group of 
elevators comprises most of the freight elevators and the 
passenger elevators in buildings which have less than 10 
floors. 
In group of elevators with great heights and medium 
lifting velocities embodies elevators with the lifting 
velocity up to 2 m/s and it embodies the greatest number 
of passenger elevators in skyscrapers. The problem can be 
modeled as a system with an infinite number of degree of 
freedom (longitudinal stick oscillation) with suitable 
boundary conditions. 

 

2.1. Elevator model with great heights and 
velocities of lifting (express elevators) 

 

It is a group of contemporary passenger models (Bujr 
Khalifa, a building in Dubaii with the height of 828 
metres, with over 160 floors. It has 57 elevators which do 
not go throughout the whole building. They are divided 
into three groups - till the 43rd, 76th and 123rd floor. The 
fastest elevator has a velocity of 18 m/s and the 
exploitation facilities in mining (the biggest velocity is 20 
m/s and the pitch depth is 1 km at the most). For these 
elevators, the previously mentioned models are not 
suitable because of the fact that during lifting, by 
diminishing the free movement of a free rope jib, the 
basic parameter of a dynamic model is drastically 
changed – stiffness (EA/l). Based on that, a suitable 
dynamic model for describing dynamic behaviour of 
devices with a driving pulley in application at elevator 
drive and for forming differential equations of movement 
according to [4] is shown in Fig. 3. Such a model should 
be applied for elevators with high lifting velocities 
without the machine room (a small free rope length in the 
upper station), while for the express elevator it is 
necessary because of the parametric oscillations (a change 
in a free rope length) which can cause unstable movement 
and unpermitted load of elevator supporting elements 
with big consequences (tearing the rope, human victims 
and material damage). 
The equilibrium equation of the elementary rope part is: 
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with: 
a – driving mechanism acceleration, m/s2. 
As a boundary condition at the meeting point of a rope 
and a driving pulley out of the equlibrium of elements, 
Fig. 3a, we get: 
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Mm – driving motor torque, Nm 
i – gear ratio 
η – driving mechanism efficiency 

rJ – moment of inertia of rotating masses, reduced to the 
motor shaft, kgm2 

R – driving pulley radius, m. 
 

 
 

Fig.3. Dynamic elevator model with boundary conditions: 
a) on a pulley without slipping, b) on a pulley with 

slipping, c) on a cabin [4] 
 

 

In equation (2), the articles in the brackets are not 
constant, but they depend on the length, that is, the 
velocity of rolling the rope onto a pulley: ( ),l tu  and 

( ),u l t
t

∂
∂

. The size of deformation on the rolled part of the 

rope can be defined with integration for the observed time 
period according to: 
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with: 
l – the rope part rolled on a pulley, m 
dl

dt
 – the velocity of rolling the rope (lifting), m/s. 

Expression (3) shows the case when the rope sliding on a 
driving pulley is neglected. The problem is greatly 
complicated because of elastic sliding of the rope on a 
driving pulley ( )l∆ , Fig. 3b, where the above expression 
can be written as: 
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∂ ∂⎛ ⎞= − ∆ ⋅ +∆ ⋅∫ ⎜ ⎟∂ ∂⎝ ⎠
 (4) 

 
with: 

( )d
l

dt
∆ – velocity of elastic sliding, m/s. 

Boundary condition on the connection point of rope and 
cabin, Fig. 3c, is: 
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 (5) 

 

An analytical solution of a system of differential 
equations with uncholomos boundary conditions is 
extremely complicated, and it demands application of 
different procedures shown in [1] and [4]. 
It is noticeable that the analysis scheme (modelling and 
solving mathematical models) is complex because it is 
essential to form adequate dynamic models with 
acceptable simplifications for various kinds of elevators 
according to their specific characteristics. Analytical 
solutions of a closed form are possible only for the 
simplest of cases, so numerical procedures have been 
applied lately, i.e. suitable software packages for dynamic 
analysis, such as MATLAB-Simulink, ADAMS, 
Mathcad, Mathematica etc. 
 
3. NUMERAL PROCESS AND ELEVATOR 

OPERATING SIMULATIONS 
 
Based on the previous analysis it can be deduced that it is 
possible to apply with satisfying accuracy the elevator 
models with reduced cabin masses, counterweight and 
elements of driving mechanism with the rope models 
shown in Fig. 2. At the express elevators, a rope can be 
seen as a visco-elastic body with varying stiffness. The 
rope stiffness changes in the function of change of the 
free rope length, and the basic oscillation form is an 
approximatelly straight line. However, sliding between 
the ropes and a driving pulley in the coming point is 
neglected. 
Modelling of movement can be done in various ways 
through models of driving mechanisms. These are the 
ways: 

 Defining the function for changing the number of 
revolutions of electrical motor (through the velocity of 
a driving pulley), 

 Defining  acceleration on a driving pulley, 
 Assigning driving force depending on the way of 
releasing a driving motor, 

 Modelling of a driving moment on the rotor of an 
electrical motor through a “static characteristic“, etc. 

This paper represents the case of asigning movement 
through a change in the number of revolutions of 
electrical motor. In such case a simulation of dynamic 
behaviour of elevator elements is performed for different 
operating regimes (acceleration, stationary movement and 
breaking). 

 

3.1. Defining the change in number of 
revolutions and the change of acceleration on 
a driving pulley 

 

Basic kinematic values which occur in elevators are 
velocity and acceleration. Due to the comfort in passenger 
elevators, there are specific acceleration values and 
velocity shifts, the so-called hitch. By various 
examinations, boundary values of acceleration and 
velocity of its shift (hitch) have been determined, and they 
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are: 2
max 1, 4 m/sa =  and 3

max 1m/sa =& . Kinematic 
diagrams characteristic for special elevators are given in 
Fig. 4 and Fig. 5. Such movement diagrams are available 
when there is a regulated moment of revolution of a 
driving motor, which is applied on elevators with high 
lifting velocities and express elevators. 

 

 
a)                                     b) 

 
Fig.4. Ideal diagrams of elevator movement for one (a) 

and two (b) velocities of motor 
 

 
a)                                     b) 

 
Fig.5. Ideal diagrams of elevator movement for one (a) 

and two (b) velocities of motor 
 

Setting the movement at elevators is a problem which is 
not easily and simply solved. Most software does not 
contain tools for representing the supporting rope - 
driving pulley system. In such cases one has to use a 
combination of existing tools in order to get satisfying 
results. After various attempts of movement, several 
suitable solutions emerged. Setting a function for 
chanaging the number of revolutions of an electrical 
motor can be seen as setting a function for changing the 
position of a certain marker on the rope in the direction of 
lifting the cabin. That enables setting a translatory 
movement on a translatory or cilindric joint, which can 
simply model the connection of a rope to a driving pulley. 
Description of a movement in time can be assigned in 
many ways, although a combination of commands If and 
Step is the most often applyed The If command has the 
following inscription: 
IF (expression1: expression2, expression3, expression 4). 
Expression1 is actually a variable in a movement 
function, which is time in this case. If expression1 is less 
than a zero, the function equals expression2. If it equals 
zero, the function is equal to expression3 and when it is 
bigger than zero, it equals expression4. 
Step command defines the Step function, which is 
approximately like Heaviside function with a cube 
polynome. Such function is given in Fig. 6, which is 
approximatelly suitable to the velocity change in Fig. 5. 
This equation defines Step: 
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Step command format goes like this: 
STEP (x, x0, h0, x1, h1) 
 

with: 
x – independent variable, 
x0 – real variable which defines h value where the step 

function begins, 
x1 – real variable that defines h value where the step 

function ends, 
h0 – the step function value at the beginning, 
h1 – the final value of the step function. 

 

 
 

Fig.6. Step function 
 
It should be noted that the movements can be given by 
displacement, by velocity or acceleration, depending on 
what is easier to define at a specific moment. In this 
paper, movements are defined by a Step function through 
a big velocity of the driving pulley and the If command. 
 

3.2. Movement simulation results given through 
a change in the number of revolutions in an 
electrical motor 

 

The first case (lifting an elevator cabin with the loading 
capacity of 1000 kg, velocity 10 m/s, lifting height 100 m 
and damping 1 Ns/mm). 
The function of changing the velocity is set like this: 
IF(time-9: step(time,0,0,5,10000), 
step(time,9,10000,14,0), step(time,9,10000,14,0)) 
The given function means that when the time is less than 
5 s, the velocity changes according to a step function (Fig. 
6) and it changes so that at the starting point, the velocity 
equals zero, and within 5 s the velocity is 10 m/s. After 
that, the cabin moves at a velocity of 10 m/s in the next 4 
s. Then breaking begins. That part in the mentioned 
expression is represented by another step function, 
according to which the velocity changes from 10 m/s at 9 
s to 0 m/s at 14 s. The time of acceleration is determined 
on the basis of the recommended values of acceleration 
according to elevator standards. 
As far as the rope stiffness is concerned, some cases were 
observed when it is constant and when it changes as a 
function of a free rope length (the remaining lifting 
height). 
When discussing the lifting of a cabin mass oscillating on 
the cabin side m2  = 1000 kg, the following results were 
obtained by a dynamic simulation. Fig. 7 presents a 
character of acceleration change in case that the driving 
rope is observed as an ideal elastic body. It can be seen in 
the diagram that the cabin oscillation amplitudes during 
its breaking are bigger than the amplitudes at its moving 
period. The influence of the moment of changing the 
acceleration, i.e. way of managing the oscillation 
amplitudes while riding at a constant velocity is provided 
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in Fig. 8. The discussion is provided in three cases and it 
can be seen that with keeping all of the oscillation 
parametres constant, the amplitude changes depending on 
the moment of “shifting“ from an accelerated to stationary 
movement. 

 

 
 
Fig.7. Diagram of changing the acceleration and position 

of the cabin for the example of set movement through a 
change in the number of spinnig of a pulley 

 
Fig. 7 also presents changes in the cabin positions during 
the simulation, as well as an ample velocity of the pulley 
and pulley acceleration. 
 

 
 

Fig.8. Diagram of the change in the cabin acceleration 
during different managements of the driving pulley 

 
Fig. 9 also shows a change in the cabin acceleration 
during the simulation when the rope is observed as an 
ideal elastic body, but with changeable stiffness. At the 
beginning of the simulation, it can be seen that the 
character of acceleration change in the case of constant 
stiffness matches with the change character in the case 
when one considers the change or rope stiffness because 
of reduction of their free length. As the free rope length 
gets smaller, the greater difference emerges between these 
two cases.  
 

 
 

Fig.9. Diagram of change in cabin acceleration in two 
different cases and  change in stiffness of the supporting 

ropes 

It is noticeable that when the stiffness changes, the 
frequency increases as well as the amplitude of cabin 
oscillations, Fig. 9 (unstable movement). 
In case that a driving rope is observed as the Calvin’s 
model (with damping), Fig. 10, a similar comment on the 
character of change in the amplitude and the cabin 
frequency oscillations for driving ropes with a variable 
and constant stiffness could be made as in the previous 
case, while the damping reduces the effects of variable 
stiffness on oscilation amplitudes and contributes to the 
movement stability. 
 

 
 
Fig.10. Diagram of acceleration change for cases with a 

constant and variable stiffness of ropes 
 
The second case (lifting the cabin with a carrying capacity 
of 1000 kg, at a velocity of 20 m/s, for the lifting height 
of 500 m, and a damping of 1 Ns/mm) 
Function of change of cabin lifting velocity is represented 
like this: 
IF(time-24: step(time,0,0,8,20000), 

step(time,24,20000,32,0), step(time,24,20000,32,0)) 
When the time is less than 8 s, then the velocity changes 
according to the step function (Fig. 6), in a way that at the 
beginning the velocity equals zero, and within 8 s the 
velocity is 20 m/s. After that the cabin moves at a velocity 
of 20 m/s for the following 16 s. Then the breaking starts. 
This part in the previous expression is represented by 
another step function according to which the velocity of 
20 m/s at 24 s, changes to 0 mm/s at 32 s. 
The mass oscillating at the cabin side is m2 = 1000 kg. 
The simulation result is shown in the following figures. 
Fig. 11 represents a pulley velocity through which the 
movement was given, as well as the change in cabin 
acceleration in cases when rope stiffness is a constant and 
a variable with reducing the free length at the side of the 
cabin. 
 

 
 

Fig.11. Diagram of change of ample pulley velocity and 
acceleration with a constant and varying rope stiffness 
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Fig. 11 shows how the amplitude of cabin oscillations 
significantly increases in the part where the change of 
stiffness is great. 
Fig. 12 represents the change of the cabin position during 
simulation, as well as the change in acceleration when the 
damping in ropes is considered. The figure shows that in 
the part where the cabin stops, an increase in oscilation 
frequency occurs, which is directly related to a significant 
increase in stiffness in that part. 
 

 
 

Fig.12. Diagram of the change in cabin position and 
acceleration considering inner friction within the ropes 

 
4. CONCLUSION 
 
The paper represents the procedures and methods of 
elevator modeling, depending on their features, with the 
application of numerical methods and contemporary 
software packages. The represented dynamic elevator 
models enable to grasp the most influential parameters 
which occur during their exploitation. 
The dynamic models provided in the paper enable 
simulations of elevator behaviour with a defined pulley 
movement (control through the number of revolutions of 
an electrical motor). Based on the previous analysis, we 
came to the conclusion that: 

 It is possible to analyse the influence of weight of the 
cabin, cabin load, lifting height, rheological rope 
features (E,A, b, c,...) influences of various movement 
diagrams (the defined movement through a control 
system). 

 It is possible to authentically simulate the movement 
of a driving pulley, in accordance with the control 
system of a real elevator, 

 The influence of the change in stiffness can be 
neglected at small lifiting heights, especially in the 
cases when there is bigger inner friction within 
supporting ropes, 

 At greater lifting heights, one must take into 
consideration the influence of the change in stiffness, 
because it strongly influences the size of dynamic 
load, especially at high movement velocities and low 
inner friction, i.e. damping, 

 Simulation results can be used for determining control 
parameters (determining an optimal moment of 
change from accelerated to stationary movement and 
breaking), aiming at decreasing the dynamic load, 

 The given simulations make it possible to determine 
the critical lifting velocity (through varying it) 
depending on the relations between the change of 
stiffness and the size on inner friction within ropes. 
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MECHANISM OF BASKET DUMPER 
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Abstract: In the paper is given the analysis and synthesis 
procedure of the drive mechanism for the initiation of 
basket dumper. It is defined general mathematical model of 
the mechanism by which is developed algorithm and 
program for its optimal synthesis. As an example of using 
the program presents the results of optimal synthesis of the 
driving mechanism of a particular model basket dumper. 
 
Key words: optimal synthesis of dumper driving mechanism 
 
 
1. INTRODUCTION 
 
Dumper trucks are transport machines that are used for 
intermittent transport, bulk and stone materials primarily 
in mining and construction industry. According to the 
concept of kinematic chain differ rigid and articulated 
dumpers. 
Rigid dumpers principally have kinematic chain consisting 
of two segments: land moving mechanism L1 (fig. 1а)  and 
basket L2, connected as a kinematic pair of horizontal 
slewing joint. Land moving mechanism, according to the 
number of axles, driving wheels and management, can be: 
а) with two axles, rear drive and front control wheels; b) 
with two axles, all drive wheels and front control wheels; c) 
with two axles, rear drive and front control wheels; d) with 
three axles, rear drive and front control wheels. 
Rigid dumpers are large robust vehicle for heavy-duty by 
disordered roads, wide and comparatively low construction 
basket that allows acceptance large amounts of material in 
conditions of strong knock when loading the free fall of 
material from the basket of loading tool.  
Articulated dumpers principally have kinematic chain 
consisting of three segments: front L11 (fig. 1b) and rear 
part L12 of land moving mechanism – connected with 
vertical slewing joint and basket L2, connected  horizontal 
joint for construction of land moving mechanism rear part. 
Land moving mechanism of articulated dumper, according 
to the number of axles, driving wheels and management, 

can be: а) with two axles, front and rear drive wheels and 
articulated chassis; b) with three axles, the front and one 
rear drive axle and articulated chassis; c) three-axle, all 
wheel driving and articulated chassis [1]. 
Dumper basket is a welded construction, different shapes, 
which allow efficient loading and dumping. Basket with 
front side has guard of cab and with back side is 
articulated connected for construction of land moving 
mechanism. Manipulation with basket: discharging-
dumping and re-launching in the loading position is 
achieved with driving mechanism of basket. 
 

 
 

Fig.1. Concept of kinematic chain and driving 
mechanisms basket dumper: а) rigid dumper,  

b) articulated dumper 
 

2. THE DRIVING MECHANISM OF DUMPER 
BASKET 
 

Driving mechanism of basket and rigid and articulated 
dumpers makes the kinematic pair: thrust-motional 
segment L1 (fig. 1) and basket of dumper L2, connected 
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with horizontal slewing joint, and hydro-cylinders L3 
which are with one end connected for thrust-motional 
mechanism and with other end for basket of dumper. 
Leaning on the the substrate thrust-motional segment is 
relatively fixed segment in the relation to basket who 
realizes movement around a horizontal axis of slewing 
joint which is linked to thrust-motional segment. Hydro-
cylinders of dumper may be telescopic and differential, 
conventional construction. Depending on the concept of 
thrust-motional segment of dumper’s kinematic chain, or 
whether a rigid or articulated. There are several concepts 
of mechanisms to dump basket. Rigid dumpers may be 
with one or two telescopic hydro-cylinders which are with 
one end connected for construction of thrust-motional 
mechanism and with other end for basket’s floor. 
Concept of mechanism to dump basket articulated 
dumper’s (fig.1b) varies in relation to concept of rigid 
dumper (fig.1а). 
For articulated dumpers hydro-cylinders are two-way 
differential conventional construction, installed to the side 
of the dumper and with one end are connected for 
construction of motional mechanism and with other end 
for to the sides of the basket. 
In both cases hydro-cylinders can be placed with a rod 
connected for basket or, more often, vice versa – with rod 
connected for construction of motional mechanism. The 
difference between these two concepts of installation 
hydro-cylinders in that the concept with connected rod for 
construction of motional mechanism is need more length 
of hydraulic lines. In addition, such this installed hydro-
cylinders it is a smaller influence of mechanical 
impurities on hydro-cylinder’s rod. 
Hydro-cylinders of driving mechanism for dumping 
dumper’s basket, as actuators, drives (powered), a special 
hydrostatic system, which basically consists of: diesel 
engine 1 (fig. 2), hydro-pump 2, suction filter 3,  safety 
valve 4, splitter 5, throttle - suction valve 6, hydro-
cylinders 7, return filter 8 and tank 9. 
Hydro-pump 2, powered by a diesel engine 1, draws 
hydraulic oil from the tank 9, through the suction filter 3, 
and pushes, at discharge (raising) basket damper, over the 
splitter 5 up to power cylinders 7 with side clip, which is 
thereby pulled [2]. 
The maximum pressure in the delivery line is limited of 
safety valve 4 and ranges from 22 to 25 MPa. Throttle - 
suction valve 6 as a flow regulator allows the ''soft'' 
lowering the basket, after discharge, on the construction 
of motional mechanism, while moving “free fall”, when 
the clips of hydro – cylinders, under load the empty 
basket, are retracted. 
Splitter 5 is one section with three working position as 
follows: position for lifting basket, position for lowering 
the basket and neutral position. In neutral position 
hydraulic oil from tank over the filter 8 in return line, 
circulating through the system. Filter 9 in the return line 
has built-in safety valve, which in the case of larger 
impurities filter, at a certain pressure, passes hydraulic oil, 
smoothly, addition to filter elements in the tank. 
Telescopic hydro – cylinders of driving mechanism are 
three or four stage bidirectional action.  

 
 

Fig.2. The hydraulic scheme for installation dump basket: 
1 – diesel engine, 2 – hydro-pump, 3 – suction filter, 4 – 

safety valve, 5- splitter, 6 – throttle  - suction valve, 7 
hydro-cylinders, 8 – return filter, 9 – tank 

 
3. THE DRIVING MECHANISM SYNTHESIS 

OF DUMPER BASKET 
 
At the optimal synthesis of driving mechanism basket 
dumper is necessary to determine on the basis of set 
criteria, size or parameters of hydro-cylinders: diameters 
of clips and rods, starting and ending hydro – cylinder 
stroke and the coordinates of the joints in which the 
hydro-cylinders linked to thrust-motional segment and 
dumper basket. 
The basic requirement that the drive mechanism to basket 
filled that, the whole range of discharge basket, realized 
approximately constant positive difference driving 
moment and load moment of mechanism. Where 
necessary to perform detailed analysis of the load moment 
of mechanism which is difficult because of volume 
change of material in the basket during its discharge. 
Limitations that occur during the synthesis of basket 
driving mechanism refer to the available number of 
standardized sizes (parameters) hydro-cylinders as well as 
the limited space E13,E23 (fig. 3) for change position 
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coordinates of the joints to connection hydro-cylinders for 
thrust-motional segment and basket dumper. 
For the synthesis the driving mechanism basket, 
considered the physical dumper model with bi-segment 
configuration of kinematic chain with thrust-motional 
segment L1 (fig. 3) and basket L2, that are connected with 
swivel joint O2 and driving segment L3 in the form of 
hydro-cylinder articularly connected to one end of the 
thrust-motional segment L1 in joint O13 and with other end 
for basket L2 in joint O23.  
Based on the physical model is developed a general  
mathematical model of dumper. The machine is observed 
in the absolute coordinate system XOY (fig. 3), where 

each segment of the kinematic chain is defined, in its 
local coordinate system xiOiyi, with appropriate set of 
geometric, kinematic and dynamic parameters. 
The mathematical model defines dependencies that allow 
simulation of the discharge basket. Whereas it is defined 
calculation which, in function of time emptying basket, 
provides, among other things, determine the following 
sizes: angle φ2 position of basket L2, stroke c3 extraction 
of hydro – cylinder L3, volume of material in the basket, 
position of the mass center of the material and the basket, 
load moment and necessary power mechanism of basket, 
force, pressure, velocity and flow of hydro-cylinders 
mechanism. 

 

 
 

Fig.3. The mathematical model of dumper 
 

When modeling the discharge dumper’s basket is 
considered a change in volume of material to change the 
angle of inclination basket. Which take that the basket in 
the starting lowered position is filled up with maximum 
declared volume with sandy or loose homogeneous 
material with specific natural marginal angle of 
inclination φgz (fig. 4). 
Changing the position of basket around the joint O2 
relative to the horizontal for the angle φ2 there is a change 
the angle which forms the upper edge of the land in the 
basket A2D2 relative to the angle of natural fall of land ie 
hopper angle of land φgz . 
Characteristic angles of monitoring the position of basket 
ie monitoring of land in the basket are the angle of the 

land above the sides basket φz1 (fig. 4) and angle of land 
in basket φz2.  
Looking at these angles relative to the hopper angle of 
land allocated to the four characteristic phases of change 
in the position of the basket. 
In the first phase angle of the land above the sides basket 
φz1 (fig. 4) is lower than marginal of the natural the angle 
of inclination material φgz [2][3][4]: 
 

gz1z ϕϕ <                                                                         (1) 
 
In this case the land does not spill out of the basket, ie its 
volume remains unchanged. In the second phase of 
consideration of the position of basket, the angle of 
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material above the sides basket φz1 (fig. 4) is greater than 
marginal of the natural angle φgz: 
 

gz1z ϕϕ >                                                                         (2) 
 

In this case, changing the volume of land in the basket 
and that is the part of land volume above the sides basket, 
while the volume of land within the basket unchanged.  
In the third phase angle of the land in the basket φz2  
(fig. 4), is equal to the marginal angle of land φzg:  
 

zg2z ϕϕ =                                                                         (3) 
 

In this case the volume of land above the basket side 
walls is equal to zero, and the volume of land in the 
basket unchanged, ie the center of mass positions are 
unchanged. 
In the fourth phase angle of the land in the basket φz2  
(fig. 4) higher than the marginal angle filling of land φzg:  
 

zg2z ϕϕ >                                                                         (4) 
 

In this case is change the remaining volume of the land in 
the basket, even her center of mass position, until the 
inclination angle of basket φ2 is not equal to the marginal 
angle filling of land φzg. Then the volume of land is equal 
to zero and stay only impact of the basket’s mass (weight) 
like load mechanism. 
Based on previously calculated center of mass and 
volume, can be determined the total load moment of 
mechanism for raise the basket for axis of joint О2.  

Total moment for axis of joint О2 is equal to the sum of 
the moments that result from the moment the weight of 
land in the basket as follows, weight of land above the 
sides basket, weight of land in the basket and the basket 
weight of dumper (fig. 4):  
Moment of land weight in basket: 
 

( )z22z2z2zz2V costgVM δϕρ +⋅⋅⋅⋅=                 (5) 
 
where: ρz - specific weight of land, V2z - volume of land in 
the basket, g - acceleration of gravity, t2z – position of 
mass center of land in the basket relative to the joint О2, 
φ2 – movement angle of basket, δ2z - angle position of 
mass center relative to the joint О2. 
Moment of weight land above the sides basket: 
 

( )z32z3z3zz3V costgVM δϕρ +⋅⋅⋅⋅=                 (6) 
 
Where: V3z - volume of land above the sides basket, t3z - 
position of mass center of land above the sides basket 
relative to the joint О2, δ3z – angle position of mass center 
of land above the sides basket relative to the joint О2. 
Moment due to the weight basket:  
 

( )22222m costgmM δϕ +⋅⋅⋅=                              (7) 
 
Where: m2 – mass basket, t2 - position of mass center of 
basket relative to the joint О2, δ2 – angle position of mass 
center of basket relative to the joint О2. 

 

 
 

Fig.4. The positions of the mass center and volume of material in the absolute coordinate system in the first phase of 
discharge dumper basket 

 
Total moment for axis of joint О2: 
 

( ) d2mz3Vz2V2O kMMMM ⋅++=                         (8)                                  
 
Where: kd  - dynamic load factor 

Maximum moment driving mechanism when lifting 
basket (fig. 4): 
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where: nc3 - number of hydro-cylinder, D3 - clip's 
diameter hydro-cylinder,  pmax, po – pressure in the 
delivery and return line hydro-cylinder, ηcm - mechanical 
efficiency level of hydro-cylinders, rc3 – action arm of 
force of hydro-cylinders relative to the axis of joint О3. 
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4. PROGRAM FOR SYNTHESIS DRIVING 
MECHANISM OF BASKET DUMPER 

 
Using a defined mathematical model was developed 
program for optimal synthesis of the driving mechanism 
of basket dumper. The program allows the simulation of 
the discharge basket dumper with monitoring of all 
parameters to the driving mechanism that allows the 
discharge.  
At the entrance of the program are entered input files in 
which are given the segment’s parameters of kinematic 
chain and hydrostatic system of driving mechanism and 
also the conditions and limitations of the simulation. 
As the simulation conditions are entered a total duration of 
operation discharge basket with duration intervals fast and 
slow movement of hydro-cylinder while pulling. As the 
limitations are defined areas E13, E23 (fig. 3) of space in 
which are possible changes of hydro-cylinders coordinate’s 
links at thrust-motional mechanism and basket dumper.  
An integral part of the program is file of available types 
telescopic hydro-cylinders with parameters which define 
their size and characteristics. 
Areas E13, E23 of space in which are possible changes of 
hydro-cylinders coordinate’s links, also and file of 
available types telescopic hydro-cylinders represent the 
areas of optimization, whose change and selection given 
possible variant solutions of driving mechanism basket 
dumper.  
At the entrance to the program, as a criterion specifies the 
minimum value of the positive difference driving moment 
and load moment driving mechanism basket in the whole 
range of its discharge. 

The algorithm of the program allows to be first, the 
desired step, from the areas of optimization E13, E23, 
choose sizes of hydro-cylinders and hydro-cylinders 
coordinate’s links for thrust-motional mechanism and 
basket dumper and in that way defines one of the possible 
solutions driving mechanism.   
Cyclic change of time, in desired number of positions 
basket, in whole range of motion, are calculated sizes 
which determining the separate state of possible variant 
solution driving mechanism. At the output of the program 
differ from others only alternative solutions that satisfy 
the given criteria. 
As an example of using the developed program, gives a 
part of synthesis obtained results driving mechanism 
basket dumper capacity 70 m3. 
Were separated a variant solutions with different hydro-
cylinders sizes and different joint’s coordinates which the 
hydro-cylinders linked for thrust-motional mechanism 
and basket dumper.  
Have been given diagrams change of the maximum 
driving moment Mmax and load moment Mo2 of variant 
driving mechanism solutions basket, with three-sectional 
(fig. 5) and four-sectional (fig. 6) telescopic hydro-
cylinders. 
The results show that the mechanism’s variants with 
three-sectional hydro-cylinders (fig. 5) have larger 
differences between the driving moment Mmax and load 
moment Mo2 relative on mechanism’s variants with four-
sectional hydro-cylinders (fig. 6). 

 
 
 

 
 

Fig.5. Diagrams of change of the maximum driving moment Mmax and load moment Mo2 of variant driving mechanism 
solutions basket, with three-sectional telescopic hydro-cylinder, dependence of the time t of discharge basket 
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Fig.6. Diagrams of change of the maximum driving moment Mmax and load moment Mo2 of variant driving mechanism 
solutions basket, with four-sectional telescopic hydro-cylinder, dependence of the time t of discharge basket 

 
 
5. CONCLUSION 
 
An analysis showing that a general model of dumper 
driving mechanism is building kinematics pair of thrust-
motional mechanism – basket dumper, connected with 
swivel joint, fifth class, with one degree of freedom which 
is realized by action of couple hydro-cylinders as 
actuators particular hydrostatic system. 
For the synthesis of the driving mechanism basket, based 
on a defined mathematical model, was developed a 
program that allows define the optimal (selection) 
parameters of mechanism: hydro-cylinders sizes, 
hydrostatic driving system and coordinates of joints 
which the hydro-cylinders linked for thrust-motional 
mechanism and basket damper.  
As the field of optimization at the entrance of the program 
are entered into the space where can change the 
coordinates of the hydro-cylinder connections and file 
executed (available) telescopic hydro-cylinders.   
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LATERAL SKEWING LOADS OF CRANE 

SUPPORTING STRUCTURES IN THE 
LIGHT OF REPLACEMENT OF 

PREVIOUS NATIONAL REGULATIONS 
WITH NEW EN STANDARDS 

 
Rastislav ŠOSTAKOV 

Atila ZELIĆ 
 
 
Abstract: The paper deals with the consequences of intro-
ducing new standard EN 15011, concerning calculation 
method of bridge crane skewing loadings. Theoretical 
grounds of this method and a survey of used methods 
according to previous regulations are given. On the basis 
of given numerical example, the paper points out 
considerable differences between the obtained results 
according to various standards. Also, the paper stresses 
the need for further experimental research in real opera-
ting conditions, as the calculation level in this case is far 
from being treated as satisfactory completed. 
 
Key words: crane, regulations, loadings, skewing forces 
 
 
1. INTRODUCTION 
 
Occurrence of skewing during bridge and gantry cranes 
motion is a common phenomenon, caused by the specific 
crane configuration (supporting structure, wheels driving 
system, etc.), friction forces in wheel-rail contact points, 
dynamic effects (driving/braking forces, their disposition 
and distribution among wheels, inertial loads, etc.) and 
various geometric-technical irregularities (errors in manu-
facturing of travelling/traversing driving system elements 
and installation inaccuracies). Crane guiding along the 
runway rail track is realized using various mechanical or 
electro-mechanical systems, however, arising of skewing 
can’t be completely eliminated. Loads occurring in 
contact points of crane anti-skew device elements with the 
rail head side flank are being transmitted through the 
vertical wheels/ horizontal rollers to the crane supporting 
structure and runway rail track, and further to the building 
supporting structure a crane is operating in. Effects of 
these horizontal forces acting lateral to the crane travel-
ling direction cause a series of undesirable consequences 
such as: very intensive wear out and devastation of crane 
wheels and rails, additional loadings of travelling driving 

system elements and main girder/end trucks deformation. 
The paper features the bridge crane skewing problem, 
including theoretical grounds of crane travelling under the 
influence of skewing, short survey of previous regulations 
concerning this problem and especially consequences of 
their withdrawing and replacing with new EN standards. 
This development concerns not only the specialists for 
crane design, but also the corresponding civil engineering 
personnel designing the industrial buildings, specialists 
for structural health monitoring, etc. As an example, 
paper gives a glimpse of comparison between numerical 
values of skewing force obtained for a certain bridge 
crane, according to various standards and regulations. 
 
2. CAUSES&CONSEQUENCES OF A CRANE 

SKEWING PHENOMENON 
 
On the basis of long experience in using bridge cranes and 
over many years of theoretical and experimental research, 
specialists came to a conclusion that, apart from domina-
ting vertical loads, there are very considerable effects of 
horizontal loadings upon the supporting structure and 
driving system elements of bridge cranes, fig. 1. 
 

 
 

Fig.1. Bridge cranes – today’s “industrial standard” 
 
During crane/trolley motion along its rail track skewing of 
its structure occurs, due to: 

 action of horizontal forces lateral to the direction of tra-
velling (inertial forces due to acceleration/deceleration), 

 unequal distribution of vertical wheel loads and forces 
resisting to travelling, over the crane/trolley rails, 

 inaccurate installation of wheels and rail tracks, 
 poor condition of rail tracks and worn out wheels, 
 difference in driving wheels diameter and unequal 
twisting of long shafts in central driving systems, 

 difference in rpm and driving wheels diameter in inde-
pendent (separate) driving systems, 

 supporting structure elasticity, 
 relatively low influence of load swaying, and 
 combination of previously mentioned influences. 

 

The most frequent undesirable consequences of horizontal 
loads effects due to crane skewing are: 

 crane rail track deformations, fig. 2.a, transmitted to 
the elements of building structure (posts, walls, roof, 
etc.), in case of indoors operating crane, 
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 wear out of guiding roller rolling surface, fig .2.b, 
 intensive wheel flange wear out and fracture, fig. 2.c, 
 considerable rail head wear out and rail end deformation 
(especially in incorrect joint installations), fig. 2.d, 

 additional loadings of mechanical power transmission 
components in crane/trolley travelling driving systems, 

 additional loadings of driving electromotors, 
 occurrence of unsymmetrical loadings in bridge crane 
main girder-end track connections and in the whole 
crane supporting structure in horizontal plane. 

 

   
 

   
 
Fig.2. Negative consequences of skew loadings: a) gantry 
crane rail deformation, b) horizontal guiding roller wear 
out, c) wheel flange wear out, d) rail ends deformation 

 
Obviously, intensive action of lateral forces often causes 
operation interruptions, failures, and consequently, consi-
derable repair costs and waste of time and money. 
 

Effective crane guiding and reduction of horizontal loads 
intensity, accompanied by usual level of financial invest-
ments, can be achieved by application of carefully chosen 
technical solutions in the crane design phase, [1]: 

 usage of vertical flanged wheels or horizontal lateral 
guiding rollers (sliding friction occurring between 
wheel flange and rail head in this case has been 
replaced by rolling resistance of guiding rollers), 

 mounting of vertical driving wheels with conical 
rolling surface, together with the rails with rounded 
head tops (self rectifying effect - vanishes over time 
due to wear out of wheel and rail contact surfaces), 

 correct tracking girders design (in aim to avoid crane 
“wedging”), demanding the fulfilling of condition: 

 l/b ≤ 6 (7), with: 
 l - crane rail track span, b - distance between extreme 
guiding means on the same rail (i.e. between extreme 
wheels axes in case of flanged wheels), 

 usage of driving “electric axis” system, [2] 
 usage of position and angle sensor systems, encoders, 
and components with power electronics 
(voltage/frequency transformers, PLCs, etc.). 

Apart from all the previously mentioned, a considerable 
attention has to be paid to fulfilling the recommendations 
regarding the mounting accuracy tolerances, [3]. 

3. “WHEEL-RAIL” SYSTEM AND BRIDGE 
CRANE TRAVELLING KINEMATICS 

 
3.1. Velocities of crane wheel and consequent 

forces 
 

Driving wheel, moving at an angle α in regard to rail 
direction, fig. 3.a, transmits vertical loading FR from crane 
/trolley to the rail track and transforms rotation and 
driving torque TR to crane translation and driving force. 
 

 
 
Fig.3. Velocities of the flanged driving wheel and friction 

forces on the wheel-rail contact surface, [4, 5] 
 
Wheel circumference velocity vo depends on its diameter 
DR and angle velocity ωR: vo = (DR/2)·ωR. Due to wheel 
elastic slip, a tangential slipping velocity vt of small value 
occurs. When guide mean comes into contact with the rail 
head side flank, the developed force returns the wheel 
onto the rail direction with the velocity of axial slipping 
va. The resultant velocity in the rail direction v equals to: 
 

o t av v v v= + +
r r r r  (1) 

 

Due to the wheel slipping over the top surface of rail 
head, the corresponding frictional forces arise in axial and 
tangential direction: Fa = µa·FR, i.e. Ft = µt·FR, fig. 3.b. 
The corresponding friction coefficients µa, µt are deter-
mined mostly on the basis of experimental research and 
depend on the series of factors: wheel and rail material 
properties, condition of contact surface between them 
(roughness, hardness of surface layers), wheel and rail 
geometric properties, skewing angle, dirtiness (abrasive 
particles, corrosion) and greasiness of wheel rolling sur-
face and rail head top surface, atmospheric effects (ice, 
humidity), influence of working environment, etc., [4, 5, 
6, 7]. In the moment when the guide mean (wheel flange 
or installed horizontal roller) in the process of returning 
the vertical wheel from its natural motion direction with 
the circumferential velocity vo onto the coercive travelling 
direction along the rail with the velocity v, leans against 
the rail head side flank, fig. 4, in the contact point occurs 
the lateral guiding force Fs. 
 

Apart from other lateral forces due to inertion (trolley 
acceleration/deceleration) acting perpendicularly to the 
motion direction, previously defined force Fs on the guide 
mean represents the largest horizontal loading on the rail 
track, wheels, and supporting structure. 

a) b) 

c) d) 
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Fig.4. Force on the guide mean Fs 
(details of flanged wheel and horizontal guide rollers) 

 
3.2. Crane swerving around instantaneous slide pole 
 

Bridge crane motion kinematics (taken as a complex 
whole) is characterized by its swerving around the instan-
taneous pol P. The system can be treated as a 3-body 
plane system (rail-wheel-crane) and the solution can be 
found by analyzing relative velocities, [6]. Driving wheel 
moves along the rail at an angle α, fig. 5. 
 

 
 

Fig.5. Instantaneous slide poles during 
crane wheel motion along the rail 

 
As previously mentioned, during slant wheel rolling along 
the rail, corresponding slipping velocities vt i va occur, 
giving as a vector sum the resulting slipping velocity vsl, 
which at the same time represents the wheel linear 
velocity lateral in regard to the rail (vRB). On the basis of 
the well-known Kennedy’s theorem in the field of the 
plane mechanisms mechanics, regarding the instantaneous 
poles, [8, 9], velocity poles of the system rail-wheel-crane 
can be easily determined. For the relative wheel motion in 
regard to the rail, the instantaneous slide pole MRB is 
located on the direction perpendicular to vsl, while the 
crane swerving pole (relative crane motion in regard to 
the rail) P ≡ MCB is located on the direction perpendicular 
to v. As the wheel shaft can be regarded as steadily 
connected through its bearings with the crane supporting 
structure, wheel and crane can be regarded as parts of the 
same body. As the wheel shaft linear velocity direction is 

parallel with the crane linear motion velocity, their 
directions do not form any intersection point, so the third 
pole MCR is located in infinity (not shown in fig. 5.). On 
the basis of angle α and triangle similarity, it follows that 
the poles MRB i P are located on the same straight line 
parallel with the wheel shaft axis. The distance between 
these 2 points lP depends on the magnitude of velocity vo. 
 

3.3. Influences upon the crane motion kinematic 
parameters and guide force Fs 

 

Various theoretical models and numerous measurings in 
the field of defining horizontal loadings due to skewing 
have given a few conclusions later used as a sound basis 
for standards in Europe (Germany before all) [13, 15, 16]: 

 occurrence of forces Fa and Ft depends on the type of 
bearings in driving and free wheels (fixed or movable), 

 position of instantaneous poles depends on the type of 
driving mechanism - central or independent (represents 
more favourable case, because of the considerably 
shorter distance of crane instantaneous slide pole h in 
comparison with central driving mechanism), 

 forces on guide mean Fs are smaller in case of inde-
pendent driving mechanisms, 

 value of Fs depends also on the number of crane 
vertical wheels (decreases when the number of wheels 
on a crane side, i.e. rail is increased), 

 majority of standards neglect the influence of additional 
resisting forces, always existing installation errors and 
inaccuracies, although when striking, they exert consi-
derable influence upon travelling performances, [6, 10] 

 taking into account all inertial forces (accelerating/ 
decelerating) and wind forces (for outdoors operating 
cranes) specifies additional moments which tend to 
swerve the crane bridge and also cause the displacing 
of instantaneous slide poles positions out of the crane 
rail track span, [6]. 

 
4. STANDARDS & REGULATIONS SURVEY 

CONCERNING DEFINING THE LOADS 
ON THE GUIDE MEAN DUE TO SKEWING 

 
The first standard concerning the crane lateral loadings 
defining DIN 120 [11] dates from the bygone 1936. Only 
30 years after, a proposition of the much more complex 
DIN 15018 E, Bl.1 was made, which in 1974. led to DIN 
15018, Bl.1, as a partial substitution for DIN 120. Closely 
tide up with it is a related DIN 4132, Bl.1, [12], still being 
used for crane rail track runway calculations. But, after a 
while, its renewed version DIN 15018 T.1, [13] becomes 
the leading standard, already in 1986. used as the basis for 
the proposition of ISO 8686-1, [14]. In 1997. DIN 15018, 
T.1 in a slightly changed form becomes the basis for some 
newer standards (in their corresponding parts), as ЕN 
13001-2, [15] and Eurocode 1, [16], today widely used on 
the European and global level, integrated into numerous 
national regulations (in Serbia: SRPS EN 13001, [17]). 
Together with [15], which defines general crane loadings, 
from 2011. concurrently is in use EN 15011, which works 
out in details the loadings of bridge and gantry cranes. 
Apart from already mentioned, numerous national and 
international standards and recommendations existed, and 
some of them are mentioned later. 
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4.1. Lateral reactions according to JUS.M.D1.050, [19] 
 

In this standard loadings due to crane/trolley skewing are 
treated as the lateral reactions in regard to motion direc-
tion. It was withdrawn more than 20 years ago, and only 
few years ago replaced with the previous version of [17], 
but some crane manufacturers in Serbia still use it for 
crane calculations. According to it, forces occurring in the 
rail head and guide mean contact point, are defined as: 

s RF Fλ= ⋅  (2) 
Reaction coefficient λ depends on the crane rail track 
span l and distance between extreme guide means on the 
same rail bs, and its value can be adopted from the 
diagram, in the standard. For l/bs ≤ 2 its value is: λ = 0,05, 
for l/bs ≥ 8 its value is λ = 0,2, and for l/bs = 2÷8 value of 
λ is linearly dependent on the value of l/bs. These values 
apply to cylindrical wheels and small wheel float values 
(lateral clearance between rail head side flank and guide 
mean, for larger clearance the value of λ is to be multi-
plied by 1,45, for conical wheel rolling surface by 0,65. 
 

4.2. Loadings caused by crane skewing according 
to DIN 15018 T.1, EN 13001-2, SRPS EN 
13001-2 and Eurocode 1, [13, 15, 16, 17] 

 

Loadings are defined only for the most unfavourable case 
when only one guide mean is in contact with rail, on the 
basis of model given in fig. 6. Some simplifications have 
been introduced: crane is moving with the steady velocity, 
there is no skewing regulation during motion, crane& rail 
track runway supporting structures are rigid, installation 
inaccuracies and wheel diameter differences do not exist, 
i.e. satisfy the required tolerances. Force magnitude and 
instantaneous pole location depend on: wheel bearing 
system and connection between driving wheels (C/I-
central/independent drive, F/M-fixed/movable wheel), 
trolley position, angle α, and guide mean (flanged wheels 
or horizontal rollers). 
 

 
 

Fig.6. Simplified kinetostatic model for defining Fs 
 
Force on the guide mean is to be calculated as: 
 

sF f m gν= ⋅ ⋅ ⋅  (3) 
 

with: ν - wheel pair combination coefficient, 
f = 0,3·(1-e-250·α) - wheel rolling resistance coefficient, 
m·g - crane&load gravitational force. 

Friction forces magnitudes on wheel pair j and rail i of the 
rail track are Fai,j i Fti,j and depend on the trolley position, 
total weight m·g, friction coefficient f, axial movability of 
wheels, drive type, instantaneous slide pole distance h, 
span l, number of wheels pro rail, and distances ej. 
 

4.3. Loadings caused by crane skewing according 
to EN 15011, [18] 

 

EN 15011 anticipates 2 methods for calculating the 
occasional loadings due to the crane skewing: RIGID and 
FLEXIBLE, considering bridge&gantry cranes structures 
as characterized by both rigid and elastic properties. For 
bridge cranes RIGID method is foreseen, with correspon-
ding calculation model given in fig. 7. Trolley has to be in 
defined position, as then the maximal force Fs arises: for 
cranes with independent driving mechanisms for each rail 
trolley on the opposite span side in reference to the 
leaning guide mean, for cranes with central driving mec-
hanism, trolley in the span middle, when the approxi-
mately equal loadings of vertical wheels are obtained. 
 

 
 

Fig.7. Calculation model according to EN 15011 
 
This method takes into account no acceleration/decele-
ration, treats all angles as small enough, and neglects all 
geometric tolerances. 
 

Guide mean force for crane/trolley with n wheels equals: 
 

s a nF F= Σ  (4) 
 

According to this standard, all vertical loadings corres-
ponding to the wheels with bearings which are not able to 
receive lateral forces, are to be neglected. There is a slight 
difference between the calculation procedure for cranes 
with central and with independent driving mechanisms, 
concerning the determination of auxiliary values, and at 
central driven wheels occurs a component of friction force 
in longitudinal direction. Forces Fan depend on f, FRn, bi 
and l, and also on wheels bearing systems, type of crane 
driving mechanism, and type of guide mean. 
 

4.4. Other regulations and recommendations 
 

There are also some recommendations for defining crane 
skewing forces, especially in designing crane rail track 
runways. According to [20, 21], in case of swaying load 
the skewing force equals Fs = 0,05·(Q+Qt+Qc), in case of 
rigidly guided load as Fs = 0,1·(Q+Qt+Qc), with: Q - crane 
capacity, Qt - trolley weight and Qc - crane weight. 
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5. NUMERICAL EXAMPLE: LOADINGS DUE 
TO CRANE SKEWING 

 
Numerical calculation example is given in aim to stress 
the difference between obtained values of force Fs due to 
crane skewing, according to different sources. Two dou-
ble girder bridge cranes with the same basic data have 
been analyzed, tab. 1, Crane 1 with 2 independent driving 
mechanisms and wheels, Crane 2 with one central driving 
mechanism (although out-of-date for crane driving, still 
often used for trolley driving). There is also a difference 
in the way bearings are installed, so, the chosen examples 
represent 2 extreme cases: IFM/IFM and CFF/IFF, fig. 8. 
 
Table 1. Data adopted for numerical example 
 

Crane capacity Q 20 t 
Trolley mass Qt 7 t 
Crane mass Qc 24 t 
Rail track span l 16 m 
External crane wheels axes distance b 5,12 m 
Crane guide type flanged wheels
Skewing angle α 0,0045 rad 

 
For the most unfavourable case - only one wheel flange in 
contact with rail head, according to [13, 15, 16, 17] the 
largest force magnitude Fs occurs in case of trolley in the 
extreme end of main girder (in this case: ξ2·l = 4,6 m and 
ξ1·l = 11,4 m), but according to [18], for calculating the 
maximal magnitude of Fs the relevant trolley position is 
the span middle (ξ1 ≈ ξ2 ≈ 0,5·l). [19, 20, 21] define Fs as 
distributed over all wheels, and give no remarks concer-
ning trolley positions, or rail-wheel contact point values. 
 

Stated sources define the calculation process and a survey 
of obtained results is given in tab. 2. 
 
Table 2. Calculated magnitude values of force Fs 
 

Fs, kN Crane no; 
Figure no [19] [13,15,16,17] [18] [20,21]*

1; 8.a 37 26 
2; 8.b 

15,6 
85,9 87,6 

25,5 
(51) 

* all values are calculated as 0,05·(Q+Qt+Qc), except 
   value in brackets, calculated as 0,1·(Q+Qt+Qc) 

 

 
 
Fig.8.a. Crane 1 with 2 independent driving mechanisms 

 
 

Fig.8.b. Crane 2 with 1 central driving mechanism 
 
It's worthy of mention that according to [13, 15, 16, 17] 
the distance between the crane instantaneous slide pole P 
and guide mean for Crane 1 equals 5,12 m (i.e. P is posi-
tioned on the free wheels axis), and for Crane 2 15,4 m (3 
times longer)! 
 
Apart from skewing forces, combined action of other ho-
rizontal loadings (due to trolley acceleration/deceleration 
etc.) are to be taken into account in design and calcula-
tions of crane and rail track runway supporting structures. 
 
6. CLOSED FRAME MODEL – IS STATIC 

ANALYSIS OF SKEWING JUSTIFIED? 
 
Double girder bridge crane supporting structure can be 
simplified represented as a closed frame, loaded in both 
vertical and horizontal planes. For the static analysis of 
loadings due to skewing, a frame model can be used. Due 
to the relatively high rigidness of end tracks and their 
connections with the main girders, end track ends can be 
neglected, and horizontal forces acting on wheels applied 
in end tracks and main girders connection points, or (as a 
rule) in their system lines intersection points, fig. 9. It is 
obvious that in these points the supporting structure has to 
be calculated&designed very carefully, due to significant 
magnitude values of horizontal forces. 
 

 
 

Fig.9. Frame model of double girder bridge crane 
supporting structure 

 
As an example, a frame model of Crane 2, fig. 8.b is dis-
played. Horizontal forces acting on wheels are defined 
according to [15], and 2D plane frame model can be 
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formed even in simple software packages, for example 
Framework (http://members.ziggo.nl/wolsink/). Contact 
point of rail head with driving wheel is modeled as a fixed 
support, and with free wheel as connected to the support 
with extremely elastic springs. 
After defining the corresponding forces acting on wheels 
Fai,j and Fti,j in points 1, 2, 3 and 4 and section parameters 
of frame elements, lateral reaction force on support 1 
represents the guide mean force Fs. The calculated value 
of reaction force magnitude obtained by the mentioned 
software equals 64,8 kN. In this case, due to the frame 
supporting system, force Fai,j is to be distributed between 
supports 1 and 4, giving reaction force value in point 1 
smaller then ΣFai,j (taking into account reaction force 
value in point 4 equaling 23,4 kN, sum of reaction forces 
values on both supports equals 88,2 kN approximately 
equal with the sum of lateral loadings. In calculations 
according to [13, 15, 18], guide mean force is Fs ≈ ΣFai,j. 
As the crane skewing force originates also from dynamic 
effects, it is desirable to represent loadings due to this 
phenomenon by dynamic model. Apart from that, in real 
crane operation conditions skewing forces have signifi-
cantly stochastic character, so, their real values can be 
determined only by measurements in such conditions. 
 
7. CONCLUSIONS 
 
On the basis of given standards and regulations survey, 
and corresponding calculation results for skewing force, it 
is obvious that there exist very significant differences 
between their calculation models. This is confirmed by 
the given numerical example. Calculations according to 
[13, 15, 17] give ≈ 2,4 times larger magnitude of force Fs 
for Crane 1 then according to [19], and even 5,5 times 
larger for Crane 2. Considerable difference exists also 
between results according to [15] and [18]: for Crane 1: 
1,4 times larger then according to [15], but much less 
observable for Crane 2. New EN standards reasonably 
supersede aged national standards and recommendations 
in literature, as they take into account more influences. 
 
But, it seems that a few critical analysis [5, 6], especially 
concerning [12, 13, 15], are entirely justified. Obviously, 
adequate defining the relevant crane skewing model 
(dynamical before all) requires much more experimental 
results obtained in real operating conditions. On such 
results concerning magnitude values of skewing forces 
and frequency of their occurrence depends if this loadings 
are to be treated as regular (and taken into account in 
fatigue calculations), or as exceptional loadings. 
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AUTOSATMOVER – NEW SOLUTION 
FOR AUTOMATIC MULTI – DEPTH 

PALLET STORAGE SYSTEM 
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Nenad MILORADOVIC 
 
Abstract: Autosatmover is totally new, modular and 
completely automatic machine which combines various 
techniques in order to achieve multi - depth pallet storage 
system. Autosatmover runs on rails located on each 
storage level in front of the each storage channels. It 
moves satellite with great flexibility and speed so satellite 
can easily change a storage channel. Multi - depth pallet 
storage system is also equipped with one or more vertical 
reciprocating conveyors that lift/un - lift storage units to 
each storage level.  This new system can fully replaced 
classic storage automated system with storage cranes. 
This paper presents new technical solution for automated 
storage system, its advantages and application fields. 
 
Key words: automatic storage, pallet racking, shuttle  
 
1. INTRODUCTION 
 
High density storage solutions such as drive - in & drive - 
through, push - back, pallet - flow or various automated 
systems has overall objective to increase the cube 
utilization and to reduce the handling costs.  
Conventional drive-in & drive-through racks with 
loadable aisles are accumulation racking recommended 
for great amounts of goods with few ID references. 
Selectivity is sacrificed but the storage density is 
outstanding. According to the “First - In, First - Out” and 
“Last - In, First - Out” principle, the palletized load units 
are stored into deep tunnels accessible by forklifts for 
handling operations. This allows exploiting as much space 
as possible and eliminating the aisles traditionally 
required for service purposes. Drive - in & drive -  
through racking can store up to 75% more pallets in the 
same space than selective racking, [1].  
“First - In, First - Out” - FIFO method for storage is 
mainly used in food and pharmaceutical fields. This 
method of storage allows loading of pallets from a front 
storage system and the discharge from the opposite side, 
Fig. 1. 

 
 

Fig.1. FIFO - “First In, First Out” principle 
 

Method for storage products that do not require 
monitoring of deadlines and therefore not necessarily the 
first pallet stored is the first taken, allows loading and 
unloading from the same face of the rack structure, Fig. 2. 
This allows for easily accessible “Last – In, First – Out” – 
LIFO inventory management. 
 

 
 

Fig.2. LIFO - “Last In, First Out” principle 
 

Using electrically powered pallet runners, shuttle - 
Autosat, conventional drive - in & drive - through racking 
systems become semi automatic systems, Fig. 3. Forklift 
brings storage unit to and from the racking, without the 
need to drive into the rack, as the pallet runner cart 
operates automatically and independently within the 
racking system, [2] - [3]. 
 

 
 

Fig.3. Radio shuttle – Autosat 
 

The next step in storage automatization is utilization of 
machines that moves shuttle at the front of the various 
rack channels and among different storage levels without 
forklift. Autosatmover, as a new product of company 
Automha S.r.L., in combination with Autosat and 
lifters/un - lifters achieved fully automatization of multi - 
depth pallet storage system. 
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2. PALLET STORAGE SYSTEM WITH 
AUTOSATMOVER 

 
2.1. Autosatmover 
 

Autosatmover, Fig. 4, is the versatile, modular and 
completely automatic machine, a combination of various 
techniques that set a new concept for the multi - depth 
pallet storage automation, [4]. It is powered by 
blindosbare, and runs on rails on each load level 
perpendicularly to the front of the storage channels. 
Autosatmover brings the latest generation of radio shuttle 
- Autosat. Autosatmover moves the shuttle at the front of 
the various channels to allow an automatic multi - depth 
pallet loading/unloading, with great flexibility and speed. 
The pallets are then taken to storage levels by one or more 
vertical reciprocating conveyors. The management of the 
entire system is entrusted by WMS software, [4]. The 
high technology innovations in this solution are:  

 Autosat is powered directly by Autosatmover;  
 No battery on board; 
 No need of manual operations for charging; 
 No time to stop charging. 

 

 
 

Fig.4. Autosatmover 
 

2.2. Technical features of Autosatmover 
 

The main technical data of Autosatmover are described in 
the following table 1, [4]. 
 
Table 1. Technical information 
 

No Description Value 

1. Speed 120 m/min max. 

2. Autosatmover 
power supply Blindosbare 

3. Autosat 
Power supply  Super capacitor 

4. Working 
Temperature from -30°C to +45°C 

Company Automha S.r.L. developed several models of 
Autosatmover. Maximal load of Autosatmover is 1500 
kg. It is possible to load different pallet units, from 
standard EURO pallets to non - standard dimension of 
storage unit. 
 

2.3. Autosatmover benefits 
 

The benefits of radio shuttle racking with pallet runner 
and its mother shuttle are described in the following table 
2, [4].  
 
Table 2.  Autosatmover benefits 
 

No Benefit Explanation 

1. 

Increase the 
overall level 
of supply of 
the plant 
 

Each INPUT/OUTPUT zone 
needs one or more 
Autosatmover. In so doing the 
performance is highly increased. 
Compared to a traditional 
stacker crane, the automatism is 
simpler and flexible, able to 
support any further development 
of the warehouse. 

2. 

Lower 
production 
costs than 
other equally 
capable 
systems 
 

Production costs are relatively 
low considered the levels of 
automation that can be reached. 
Today it is possible to automate 
warehouses with only two 
channels of loading even with 
limited height. 

3. 

Increase 
overall 
performance 
of production 
within the 
plant  
 

The traditional stacker crane can 
be employed for multi - depth 
storage, but a single machine 
can perform a ratio of 15/20 
pallets per hour. Autosatmover 
is able to guarantee the same 
flow rail. Therefore, an 
Autosatmover system with 4 
Autosat shuttles will perform 4 
times more than a plant with 
one stacker crane. 

4. 

Lower energy 
costs of the 
plant  
 

The metallic structures of the 
stacker cranes are heavy and 
need considerable parts in order 
to guarantee stability and lack of 
flexion while in movement. 
Autosatmover is much lighter in 
itself and employs less strength 
but gives better performance 
with lower energy cost. 

5. 

Minimizing 
servicing and 
maintenance 
costs of the 
plant  
 

Multi - depth storage system 
with Autosat and Autosatmover 
gives a better storage to area 
occupied ratio. Autosatmover is 
the perfect solution for 
automated warehouses, flexible, 
fast and ensures a quick repay 
of the investment. 
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3. AUTOMATED RACKING SYSTEM 
CONFIGURATION 

 
3.1. Autosat 
 

Autosat is an automatic shuttle able to load and unload 
pallets into the drive - in channels, Fig. 5, [3]. 
Autosatmover as mother shuttle brings Autosat 
perpendicular to the front of the storage channels. 
 

 
 

Fig.5. Radio shuttle - Autosat 
 
3.2. Lifter/Un - lifter 
 

The storage unit are taken to storage levels by one or 
more lifters/un - lifters. Lifter/un - lifter can be design to 
move only Autosat with storage unit between storage 
levels, Fig. 6. In that case each storage level needs one 
Autosatmover as mother shuttle. In other configuration, 
additionally saving can be achieved using lifter/un - lifter 
for Autosatmover, together with Autosat and storage unit, 
Fig. 7. Then, only one Autosatmover can be used for all 
storage levels. Driving mechanism of lifter/un - lifter is 
high speed wire or chain electrical hoist. Due to stability 4 
- post carriage configuration of lifter/un - lifter structure is 
used. The advantage of this structure is the opportunity to 
use platform with very high capacity. This design allows 
access from four sides for loading and unloading at each 
level, [5]. 
 

 
 

Fig.6. Lifter/Un - lifter for shuttle Autosat 

 
 

Fig.7. Lifter/Un - lifter for mother shuttle Autosatmover 
 
3.3. Input / Output Storage Zone 
 
Input / Output storage zone can be realized with roller or 
chain conveyor, Fig. 8. With this system, storage zone is 
completely automated without presence of fork - lift 
truck. Fork - lift truck or some other type of material 
handling equipment can bring storage unit in front of the 
Input / Output zone. 
 

 
Fig.8. Input / Output zone 

 
3.4. Possible rack configuration 
 
In order to achieve “First-In, First-Out” method of 
storage, configuration with Input / Output zone and 
lifter/un - lifter on the opposite side of storage is shown 
on the Fig. 9. To increase speed it is possible to install 
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more then one system of Input / Output zone with lifter/un 
- lifter on one storage side. If storage conditions require 
realization of “Last In, First Out” principle of the storage, 
rack configuration shown on the Fig. 10 should be 
realized. 

 
 

Fig.9. Rack configuration for “FIFO” principle 
 

 
 

Fig.10. Rack configuration for “LIFO” principle 
 
4. CONCLUSION 
 
The density of drive - in/drive - through systems were 
additionally improved with automatization of handling 
process. Firstly, invention of pallet runner cart, i.e. radio 
shuttle, brings speed – up of handling process within 
racking tunnel with easily positioned and repositioned of 
carts by conventional forklifts outside racking system. 
Autosatmover, as mother shuttle, comes as perfect 
solution for fully automatization of handling process in 
one multi – depth storage system. Introduction of these 
two innovations in already existing storage system or 
planning a completely new storage will provide flexible 
and fast solution that ensures a quick repay of the 
investment. Warehouses in food and pharmaceutical 
industry are the ones who will have benefit more from the 
installation of Autosatmover and Autosat. 
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Abstract: Virtual product design represents a 
technological key for reduction of costs arising from the 
errors generated in the processes of engineering design 
during lifetime. It is  important to establish a connection 
between CAD design of products and complex limitations 
of assembly operations in CAM so that the design process 
is provided with the conditions for development and 
modification in a virtual environment before the 
beginning of production. This integration can be seen on 
the example of tank waggons. The advantage of this 
linking in design processes is in overcoming creation of 
expensive physical production systems so that all variant 
research could be carried out on a virtual model. 
 
Keywords: CAD, CAM, CAA, assembly, tank wagons 

 

1. INTRODUCTION 

Production of wagons, according to the involved 
resources needed for its realization, belongs to the 
production of capital goods, such as Architecture, 
Engineering, Construction (AEC). Designing for this type 
of industry is characterized by the so-called user design or 
the design for the known customer and for one from the 
type of standardized products. Production Technology of 
the standardized goods is reflected in 

 technological processes whose feature is the common 
content and the sequence of most technological 
operations, 

 groups of workpieces with  common structural 
characteristics. 

Research results achieved during many years of working 
on developing project methodologies, production and 
verification of the unified and standardized solutions of 
wagon constructions, first of all wagon tanks, were 
acquired in activities related to the integration of CAT 
(Computer Aided Testing), CAD (Computer Aided 

Design) and CAE (Computer Aided Engineering) 
technologies applied within the concept of competitive 
design. These results are oriented towards the support of: 
(1) product and technology design process, (2) production 
and assembly processes and (3) increase in the 
exploitation security, the so called secondary product 
safety [1].  
In recent years the department of Computer-integrated 
processes on the Faculty of Mechanical Engineering in 
Kraljevo we have been  working on projects that are 
based on the integration of engineering design process. 
The complexity of assembly processes and technological 
processes for manufacturing components for the designed 
product has a huge influence on costs, profit and 
possibility of recycling. The engineering model of 
product integrates a large number of DFX approaches, 
where only after a detailed consideration can it be 
estimated and adjusted before it is launched into 
production (the milestone in product development).  

1.1. Unification of wagon tanks 

The integaration of the CAT/CAD/CAE technologies was 
carried out by teams of specialists in the development of 
engineering product modelling and the mentioned concept 
is shown in Fig. 1. The development of new technologies, 
especially computer technologies, caused the algorithm 
given in Fig. 1b. to change significantly exactly in terms 
of greater integration design modules, analysis and 
testing. 

 

Fig.1. The concept of unification and the theoretical 
approach to modelling in the wagon design [1] 

The identification and classification of the product and its 
subsystems, or the definition of the natural representative, 
are the basis of every unification. In the activities that 
focus on the introduction of CA (Computer Aided) 
technology in the products and technologies design, and 
then in the integrated production management, on the 
level freight cars production (Wagon Factory Kraljevo), 
we worked out in detail the unification and 
standardization of tank wagons, as the first step. 

a b
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In fact, the product model is a transformation in which all 
geometric and topological, technological and general 
characteristics are presented in the form of logical data 
structures or rules. 
Bearing in mind that the production of tank wagon 
containers is done according to RID regulations and the 
regulations of certain railway administrations, in the case 
of the tank wagon design (Wagon Factory Kraljevo) 
priority was given to typification and standardization of 
the base and supporting structure as a whole. The main 
sub-assemblies of the supporting structure were 
implemented and verified to the level of standard 
solutions, Fig. 2. 

1.2. Research in the modeling of the joined tank 
wagon 

The joined solution of the tank wagon, Fig. 2f, is based on 
the idea to reduce weight of the frontal base by removing 
the struts, provided that the lateral forces through head-
reinforced beams are transferred to the central girders. 
The role of lateral supports in the frontal part of the 
supporting structure is also to enable the connection of the 
vessel with the lower base. The connection of the vessel 
and the base is performed using rhomboid sheets 
(adjusted and unadjusted screw linking), firmly attached 
to the side rails in the frontal part of the stand. The pillar 
was based on full use of the cross section therefore, in 
exceptional situations of exploitation, it is a secondary 
safety element. In this way the vessel is kept from damage 
at high longitudinal loads, usually in a crash. This 
limitation in the modelling is important for tanks that are 
used in the transportation of hazardous materials. 

 
 

Fig.2. The development of the unified frontal part of the 
tank base 

 
Torsional rigidity research has shown that a tank wagon 
must not have rigid supports on the boiler and the stand in 
the middle of the car. The connection achieved in the case 
of the joined solution does not allow elastic deformation 
of the stand in a vertical plane as expressed in the crash of 
the car. In this way the spiral and longitudinal rigidity of 
the supporting structure of the car is maintained so that in 

a crash it is sufficient to provide the criterion of 
maximum force (1500 kN/per bumper) at the speed of the 
car hitting between 12 and 15 km/h. This criterion is met 
in case of cars which weight 90 t. 
It is known that many solutions of the wagon supporting 
structures with axle load 225 kN per axle do not meet this 
limitation. Given this, the International Union of 
Railways UIC was forced to limit the speed of these car 
hitting to 9 km/h. 

1.3. Arithmetic identification of unified tank 
wagon 

In the development of the supporting structures several 
research projects based on the original product solutions 
with the use of won and verified methodologies were 
carried out. Developed and verified methodologies of 
testing CAT and calculation CAE of the freight wagons 
with the results obtained in their application form the 
basis for quality development of automation in the design 
process through the implementation of the criteria of 
unification and standardzation elements and the 
supporting structure as a whole. The calculation of 
strength of the  supporting structure is carried out based 
on modern methods of applied mechanics and strength of 
materials. Rating the strength and reliability of the 
supporting structures is based on the appropriate 
standards for the calculation of the recommended 
strength. 

The standards include the fulfillment of the following 
criteria: 

 Permitted stress - maximum strain is compared with 
the allowed one, while static and / or dynamic strength 
and life are provided by the choice of permitted stress, 

 Stability of compressed elements, 
 Deflection (deformation), 
 Limit load specified by the  phenomenon of plastic 
deformation of the elements 

 Empirical rules (for specific elements). 

For the evaluation of support structures according to the 
first three conditions it is necessary to know the stresses 
under the influence of internal forces. In the process of  
designing the stress elements are obtained arithmetically, 
based on the arithmetic model of the supporting structure. 
Arithmetic model of the supporting structure must 
provide: 

 the highest accuracy of the sizes that are calculated 
(internal forces, stresses and movements) for adopted 
approximation on the construction and 

 the way how to represent elements of the supporting 
structure (rods, beams, slabs) 
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Fig.3. Distribution of stresses on the supporting structure 

of a tank in case of static load 

Fig. 4. shows the dynamic model and the first two major 
forms of joined tank wagon oscillation. The equivalent 
rigidity of the finite elements in dynamic model of tank 
are calculated based on fine-static model and the results 
of verification of strength of the supporting structure in 
the static tests. 

 

 
 

 

 
 

Fig.4. Dynamic model of tank wagon and the first three 
major forms of the free undamped oscillation of the 

loaded tank wagon: the first major form: f01 = 1.62 Hz, f02 
=1,65 Hz, f03=2,43 Hz 

 
Fig.5. Major forms of the free undamped oscillation of the 
unloaded tank wagon: the first major form: f01 =2,69 Hz, 

f02 =3,68 Hz, f03=4,22 Hz 

 
1.4. Experimental verification of a unified tank 

wagon 

Experimental verification of wagons in Kraljevo Wagon 
Factory has been running since 1961. In that year Bruel 
Kjaer's device for registration of stresses in static 
conditions using strain gauges was obtained. In the same 
year the device for the simulation of static load was 
designed. Later a ramp was made to test the wagons by 
hitting, and also measuring cars were purchased for 
performing test runs. So in the  late 80s at the Research 
Center of WFK all the tests were performed according to 
B12/RP17 ORE. 

Static and dynamic strength tests were first implemented 
in Kraljevo and then the tank wagon was subjected to 
testing in the Centre of French railways SNCF [2]. The 
test results fully meet the criteria of the ORE B12/RP17, 
and to illustrate it, Fig. 7. shows the diagram of the 
dependence of the measured force on the bumper and the 
speed of hitting. 



 

 146 

 
Fig.6. Measurements points in static testing tank 

wagon[2] 

 
Fig.7. Curve of the depenence of  forces/speeds in testing 

the hitting [2]  

2. CAD / CAE MODELLING 

Development of software packages in the field of 
simultaneous product and technology design at the 
beginning of the third millennium became much more 
important. This is reflected in the highlighted possibility 
of exchanging data between models that make 
simultaneous access to design. Platforms on which 
software packages have been developed meet the first 
condition that is defined in the simultaneous modelling, 
and that is transparency. In this way, it became possible to 
transfer the information from CAD models directly to the 
module for CAE, CAM and others. in the process of tank 
wagon modeling (CAD) the software package Solid Edge 
was used, and in the strength analysis of the supporting 
structure (CAE) ANSYS was used. In this way, we 
wanted to carry out comparative analysis of the strength 
of the unified tank wagon with the software package 
KOMIPS [3]. In this case, a comparative analysis is 
provided without a deeper insight into the results 
achieved, but only as an entry-level product model that is 
used in the asembly design. 
Solid Edge is a computer supported system for product 
design (CAD / CAA / CADD) developed based on the so-
called Stream technology. Stream technology provides an 
essential CAD user productivity thanks to newly 
developed concept of the engineering design the so-called 
solid modelling, (Parasolid). Through the principles of 
logical reasoning and decision-making management 

stream technology makes Solid Edge easy to use and very 
productive. 
Solid Edge includes unique tools for identifying and 
eliminating defects in design, thus shortening the time 
required for product development and reducing costs. The 
process of product design is not just about making a 
three-dimensional virtual prototype of products, but it is 
also about acquiring the knowledge that leads the 
engineering design process to a precise solution free from 
errors. 
 

2.1. Modelling on the component level 
 

The above mentioned software package in the modeling 
on the component level allows the construction of 3D 
models with real features. The components modelling 
process begins with the basic form such as a block or 
cylinder, with a description of the part to create the 
model. Descriptions include protrusions and the contours 
(extruded, revolved, swept and lofted), holes, ribs, thin-
walled profiles, curves, drawing angles and grooves. It is 
also possible to create rectangular and circular arrays and 
copy the primitives symmetricly. 
 

2.2. Modelling of the assembly structures 
 

Solid Edge has a module for designing structures that 
enables the creation of  complex assembly structures that 
consist of a large number of components and 
subassemblies. This software package provides a tight 
integration in the surrounding areas of modelling, 
visualization devices and appliances for the management 
of the component – component connection. This makes it 
easier to manage mounting data from the earliest stages of 
project planning, through the cycles of re-inspection, 
production, maintenance, all the way  to archives. 
The installation environment provides tightening the 
connection between the parts. These links are 
automatically supported through the development of 
design in order to preserve the design intent [4] [5]. 
 

2.3. FEM analysis  
 

Software tools FEM are based on the application of the 
finite elements method, focusing on stress deformation 
analysis of mechanical characteristics of the product. In 
this case, the 3D model of the product is modelled in 
CAD software package (Solid Edge) carries the 
information that is imported through the interface into the 
program that is used for simulation of ANSYS. By their 
use, static deformations under the influence of external 
loads are simulated, to determine the real conditions of 
the way the product behaves . In addition to information 
related to the shape of the model under the influence of 
the load the information about the forces, bending 
moments, torsion, etc. may be shown. It is important to 
emphasize that the product model also contains 
information about the material necessary for calculations 
by finite element method. 
Integration and use of CAD and FEM software packages 
allow, through the use of numerical calculation methods, 



 

 147

to perform the optimization of construction forms as well 
as testing of the behavior of the construction by using 
other construction materials. 
Fig. 8. and Fig. 9. shows a model tank wagon modelled in 
Solid Edge-in, automatically generated finite element 
network, and stress state on the product in cases of load 
over buffers and stretching over traction boundaries. 

 
Fig.8. A Model of tank wagon 

 
Fig.9. Finite element network and stress state 

 

3. MODELLING OF THE ASSEMBLY 
STRUCTURE OF THE STAND 

Complex assembly operations considerably increase the 
costs of production of complex products. Also, the 
products whose dismantling requires complex operations 
increase the maintenance and recycling costs. Costs for 
assemblying and disassemblying significantly influence 
the costs in product lifetime, which requires the 
application of design solutions that provide efficient 
assemblying. The complexity of assemblying can be 
defined as the complexity of restriction of mutual motion 
of the parts which are assembled. In order to prevent 
problematic assembly operations in the CAM 
environment, it is necessary to foresee the complexity of 
mutual assemblying of components during product design 
in the CAD environment by applying virtual tools for 
assemblying [5] [6]. 

 
Fig.10. The main elements of the assembly of a tank 

waggon 

3.1. Structural connections at the component 
level 

In the design of assembly processes of underframe (Fig. 
11.) which is important in this analysis, a much better 
effect of assembly rationalization is accomplished by 
simultaneous analysis of the product structure and the 
analysis of connections at the component level. It is very 
important to design components in such a way that their 
problems in assembly could be solved at the same time. It 
means that the application of assembly constraints, from 
the aspect of defined shapes, in well designed parts. The 
solution of the appropriate assembly process depends on 
the correct description of these characteristics of the part. 
From the aspect of assembly, the shape and assembly 
surfaces have a big influence. 

 
Fig.11. The assembly structure of underframe 

The underframe consists of several subassemblies. The 
main subassemblies are presented in the following fig. 12. 

 
Fig.12. The underframe subassemblies 

 
Fig.13. A model of the cross bearer 

Detailed analysis of subassembly structures is done based 
on the example of the cross bearer shown on Fig. 12. The 
next Fig 14. shows the basic operations of assembly and 
joining of the cross bearer. 
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Glavni poprecni nosac

Tip: kutijasti nosac
promenljivog preseka/
spajanje zavarivanjem

montaža j,k

SKELET
SPAJANJE
KOMPONENTA VCA 10
   skelet
      spajanje za montažu j,k
      spajanje funkcionalnih površina
   funkc. površina 1
   funkc. površina 2
   funkc. površina 3
   funkc. površina 4
   funkc. površina 5
   funkc. površina 6

KOMPONENTA VCA 12
   skelet
      spajanje za montažu j
      spajanje funkcionalnih površina
   funkc. površina 1
   funkc. površina 7
   funkc. površina 9
f k ši 11  

 

Fig.14. Cross bearer and the operations of assembly and 
joining [6] 

In addition to the orientation of components the figure 
also shows the connection and joining is done by welding, 
whereby either functional or free surfaces are chosen  to 
be the mounting surfaces. Functional areas can not be 
changed in favor assembly ones, but free can. In the 
design of the assembly process of the projected boom the 
so called precise assembly is seen with the elements of 
the assembly process defined to the level of intervention. 
This means that detailed links between functional and free 
areas for each component are given, and that the 
representation of the technological process of assembly 
designing  is complete [6]. 
Final assembly of the lower base allows the realization of 
structure costruction based on the automated welding 
process in additional positioning and clamping system 
whose axis is NC-controlled, Fig. 15. It was designed that 
the head of the robot that performs the welding is able to 
NC –control in six axes. 

 
Fig.15. Positioning and clamping system for the process 

of final assembly of underframe 

4. CONCLUSION 

The introduction of the concept of integration based on 
CAx technology in the process of  product design and 
installation technology leads to the improvement in the 
business results which is reflected in a faster, higher 
quality and lower cost meeting the demand coming from 
the market. This integration is given on the example of  
unified tank wagons that has so far been realized in a few 
hundred pieces. According to the DFX approach in order 
to form new models such as the CAM linking assembly 
operations. This linking allows the creation of higher-
level models so that variant research of the production 
processes are carried out on the virtual model. 
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Abstract: The process of designing press fits gear for 
wind generator is closely related to the determination of 
the friction coefficient for elements in contact. Despite the 
highly developed algorithm for the calculation, there are 
considerable practical and theoretical difficulties in 
determining the value of this coefficient. The accuracy of  
calculation depends only on the accuracy of determining 
the friction coefficient. The previous algorithm predicted 
the value of the friction coefficient to be in a very wide 
range, from 0.05 to 0.67. This made process of designing 
press fits for gear for wind generator seem uncertain and 
inaccurate, and wind generator energy inefficient. A new 
approach to determining the value of the friction 
coefficient is based on the use of a hybrid neuro - fuzzy 
inference system. This allows the incorporation of human 
experience and knowledge, as well as the results of 
numerical experiments, ie. non algorithmic method of 
reasoning, in the algorithm for the calculation. This 
significantly increases the accuracy of the calculation 
press fits for gear, reducing its size and weight, 
increasing energy efficiency of the gear and the wind 
generators. Based on the developed hybrid system, a new 
software application was made which enables efficient 
implementation of this particular method. 
 
Key words: press fits, neuro – fuzzy inference system, 
wind generator, energy efficiency 
 
 
1. INTRODUCTION 
 
The load capacity of press – fit gear assembly of the wind 
generator is determined by the friction force that opposes 
the sliding, ie. separation of the elements under the 
influence of the load. For the calculation of the load 
capacity of the press – fit, the following equation is used 
[1, 2] 

The real load capacity of the press – fit can only be 
determined with certainty, by loading the press – fit until 
the separation of joint surfaces, ie, during the destruction 
of the assembly. This load capacity is different from the 
calculated values. The differences result due to the 
inability for exact determination of the friction  
coefficient of the assembly surfaces, real interference 
values, and the actual value of the contact pressure. 
The mathematical model, which is now utilized for  
calculation, is built on many assumptions and 
simplifications. The actual conditions of the calculation 
differs from the theoretical ones due to: 

 material inconsistency, 
 the occurrence of own stresses, 
 deviations from the ideal shape, 
 differences between the actual touching pressure and 
the calculated one, 

 uneven distribution of pressure along the length and 
extent of joint. 

The coefficient of rest friction represents a complex 
function that depends on many influencing factors [3, 4]: 

 the existence or absence of boundary lubricant film 
lubrication, 

 the value of the contour  pressure, 
 value of the fold for assembly surfaces, 
 mechanical properties of materials of the assembly 
pairs, 

 roughness of the touching surfaces, ie. quality of 
processing, 

 hardness of the touching surfaces, 
 connecting speed of the elements during the assembly. 

 
2. FRICTION COEFFICIENT 
 
The value of the friction coefficient is determined 
experimentally by measuring of the pressure imprinting 
forces during the assembly installation, the forces of 
separation during the assembly destruction, complex and 
the sliding force. This method of determination is 
impractical due to fact that it requires destruction of the 
press fit, after which it will be unusable. 
In the construction phase of the press – fit, for load 
capacity calculation, the friction coefficient values are 
used, in reference to the standard or a manual. These 
values were determined according to the type of the 
material, the method of connecting the elements and the 
lubrication method during connecting. 
The value of the friction coefficient can range within wide 
limits, generally from 0.04 to 0.60 and in some 
exceptional technological solutions, even up to 0.70 
(Fig. 1) [1, 2, 3, 4, 5, 6, 7, 8]. 
 
3. CONTACT PRESSURE 
 
Pressure on the contact surface of the external and 
internal part of press-fit is calculated by the following 
equation [1, 2] 
 

LdpFF N πµµµ ==      (1) 
 

( )ie

minr

d
cp

ξξ +
=      (2) 
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where eξ  and iξ  are deformation factors of the external 
and internal element, 
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ei m,m are the Poisson coefficients of material of internal 

and external element, minrc  is the effective minimal 
interference of elements within the assembly and it differs 
from the value of the fabricated interference for the value 
of the interference loss c∆ , ccc minr ∆−= . 
 

 
 
Fig.1. Comparison of the friction coefficient for the axial 

press-fit 
 
During installation of the internal and external element, as 
a consequence of the contact pressure impact, the  
resulting elastic and plastic deformations occur on the 
contact surfaces of both elements. A certain percentage of 
the roughness peaks are plastically deformed, causing 
permanent trimming smoothing ie. leveling and, thus, 
effectively reducing interference c∆ . This reduction in 
interference is a function of deviation from the shape and 
roughness of the contact surfaces. To date, it has not been 
established and standardized numerical index of deviation 
from the shape and position, therefore an effective 
reduction of the interference c∆  is calculated as a 
function of only the roughness of contact surfaces. In our 
literature, the most commonly used equation [1, 2] 
 

( )ie hh,c +⋅=∆ 21      (5) 
 

eh  and ih  represent the mean height of surface roughness 
of the external and internal parts. Accurate determination 
of the actual surface pressure is considerably inaccurate 
given the uneven pressure distribution in the radial, 
tangential and axial direction. 
Coefficient of friction is most important factor for 
determination of minimal force of press – fit assemblies. 
His incorrect value can produce serious problems. Press –
fit minimal force is determinate by the relations (6). 

kmin ldpF µπ= ,    
( ) d

c
p

ie

minr
min ⋅+

=
ξξ

     (6) 

 
4. ANALISYS OF THE IMPACT FACTORS 

ON THE  FRICTION COEFFICIENT 
VALUE 

 
The friction coefficient theoretical research is based on 
numbered experimental data. The friction coefficient 
value of the press – fits is affected, among other factors, 
by:  

 roughness of the contact surfaces, 
 hardness value of the contact surfaces, 
 cleanliness of the surfaces, 
 type of material. 

During contact of the external and internal elements of the 
clamping assembly of unequal hardness, there occurs a  
penetrating process of harder surface roughness into the 
softer element surface. When this occurs, deformation of 
the harder elements are significantly smaller than the 
deformation of the softer elements. In considering the 
influence of surface roughness, the surface roughness of 
the harder element is taken into account [1, 3]. The results 
obtained in the experiments indicate that in the contact 
surfaces with greater roughness, the larger values of the 
friction coefficient occur. 
The total friction coefficient represents the sum of the 
mechanical (deformation) and the molecular (adhesive) 
component, and can be shown in the following form: 
 

dm µµµ +=      (7) 
 

where: 
mµ  is the molecular component of the friction force, and 

dµ  is the deformation component of the friction force. 
Theoretical studies show that increasing the hardness of 
the softer elements resulted in lower values of molecular 
components of the deformation coefficient of friction [3]. 
The results obtained by experiments suggest the 
conclusion that the difference increase in the hardness of 
the contact surfaces, in some cases, increases the static 
friction coefficient. This applies to cases where the 
samples with greater roughness were analyzed, usually 
processed by milling. In this cases, the increase of the 
friction coefficient with the increase of hardness 
differences has been observed. In lower roughness 
samples, the static friction coefficient decreases with the 
increase of surface hardness differences. 
Due to the fact that contact surfaces of two bodies are 
rough and bumpy, the bodies are always connected in 
specific discrete points of friction surfaces. The difference 
between micro hardness, roughness and bumpiness causes 
mutual penetration and the appearance of adhesive forces 
in the contact zone. Relative movement in the tangent 
plane of contact causes the appearance of the resistance 
force that represents the force of friction. The resistance 
force is dual in nature. The occurrence of this force comes 
from mechanical resistance, deformation of micro bumps 
that have mutually penetrated one another and from the 
breaking of the established adhesive – molecular links. 
The nature of the friction force is mechanical and 
molecular. 
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For calculating the deformation component of the friction 
coefficient it is necessary to know the form of 
deformation in the contact zone and the geometric contour 
of micro bumps. Deformations in the real contact zone are 
determined by mechanical properties of solid objects that 
are in contact, the value of working load and the micro 
topography of the surface. 
The friction coefficient value is determined 
experimentally by measuring the force during the 
mounting of the assembly, the forces of separation during 
the dismounting of the assembly, and the sliding force. 
This way of determination is not practical because it 
demands destruction of the assembly itself, which renders 
it useless. In the design phase, the calculation of 
guaranteed force of pressed assembly is done by friction 
coefficient values based on literature data. These values 
depend on the type of material, the way of assembling the 
elements together and on the type of lubrication during 
assembly. 
 

 

 
 

Fig.2. Block diagram of implemented software 
applications 

 

 
The majority of authors suggest some algorithms 
(molecular – mechanical theory) for the calculation of 
coefficient value [3]. The complexity of coefficient value 
estimation depends on the type of deformation on contact 
surfaces – elastic or plastic deformation on contact 
surfaces. This approach is problematic when it comes to 
the determination of the values of variables. The 
calculation is extremely complex and depends on a large 
number of factors. The accuracy of the friction coefficient 
value is not satisfactory in this case. The process of 
calculation depends on numerous parameters that have 
been difficult to estimate. 

5. HYBRID SYSTEM REASONING 
 
The development of a hybrid neuro – fuzzy reasoning 
system [1,9,10, 11] informed a further development of the 
final application with the practical use value. 
The basic program idea [1] is shown in Fig. 2. The goal 
was to create an application that will be able to: 

 use the formed neuro – fuzzy reasoning system 
without additional software processing, 

 provide modularity of the whole program, 
 provide a simple upgrade, extension and modification 
in the reasoning system without changing the 
programming code, 

 enable other programs of similar type and structure to 
use the same neuro – fuzzy reasoning system and thus 
make the conclusion system an universal one, to a 
certain level, 

 developer has unified access to the phase system data  
through appropriate dynamically linked library. 

Program writing, practically, comes down to writing of 
the graphically oriented user interface, GUI, through 
which users can perform communication with the neuro –
fuzzy reasoning system. Such an interface, for the 
purposes of simple value determination of the friction 
coefficient, is shown in Fig. 3. The complexity of the 
graphic interface is depending on the specific complexity 
of the problem that the program is being written for. 
 

 
 

Fig.3. The application for value determination of the 
friction coefficient  

 
6. BASIC PROGRAM STRUCTURE 
 
The structure of the program is quite simple. Simplicity 
comes from the fact that, for the calculation of the friction 
coefficient value, what is now only needed is to enter  the 
values of the input parameters, while the neuro – fuzzy 
reasoning system performs all necessary calculations and 
reasoning operations. The basic block diagram is shown 
in Fig. 2. It is adopted that, the reduction in the number of 
input variables, based on scientific facts and expert 
knowledge, is performed within the program itself [1]. 
The result of this action is shown within the program 
framework, since it may be significant for similar analysis 
and subsequent experimental testing. The exchange of 
significant parameters values follows, with neuro – fuzzy 
reasoning system and display of the received calculating 
values. The modularity of the software solution provides 
the system flexibility and its simple maintenance and 
expansion. 
Extending of core application is possible in such a way 
that it leads to the increase of the number of neuro – fuzzy 
reasoning modules to the, practically, unlimited value. 
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This allows, depending on specific applications, the 
specific analysis and isolation of values which represent a 
problem during determining of their values, as in the case 
of already researched friction coefficient, and that, during 
the calculation process, they can be changed with the  
neuro – fuzzy equivalent (Fig.4). A subsequent update or 
change of the fuzzy module is completely transparent to 
the program user and can be easily performed with 
modern internet technologied. For communication with 
neuro – fuzzy modules, the same DLL library of  
functions is used. 
 
7. CONCLUSIONS 
 
A hybrid reasoning system is fully autonomous in relation 
to the program application. This independence allows it to 
continuous improvement, which is subject to available 
non-algorithmic information, regardless of the software 
user interface. The user, always and in the same manner, 
uses the program, although the methods of inference may 
significantly differ, which results in changes and 
improvements of the independent core. This 
independence is such that the program interface and the 
core of decision – making can be located on the Internet 
and be physically separated. They are connected only 
through the data exchange data via networked 
connections. 
 

 
 

Fig.4. Organization expansion through application of 
multiple fuzzy reasoning systems 

 
Method has high accuracy and simplicity. This is a good 
balance between structure capability changing by 
minimizing number of fuzzy rules and high accuracy. The 
computer program is efficient in operation. It offers the 
possibility to identify the optimal press – fit and check all 
of its features in a short period of time. Application of this 
program allows the variation of assembly parameters, thus 
reducing the production costs. 
The increase of  the load capacity of the press – fit in the 
wind generator gear is expected, as a consequence of the 
exact calculation. Related to this is also the expected  
increase in energy efficiency of wind generators (weight 
reduction of the transmission system, reducing the 
moment of inertia, greater reliability, faster response 
system in automatic control of wind generators). 
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IMPROVING EFFICIENCY OF AN 

MICRO-HYDRO AGGREGATE USING A 
BANKY 10 kW MICRO-TURBINE, BY 

BLADE DESIGN OPTIMIZATION 
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Tiberiu Ştefan MĂNESCU 
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Abstract: Even in nowadays, remains unsolved the 
problem of electricity supply for isolated consumers 
(inhabitants not connected to the National Power 
System). But solving power supply to these consumers 
that in fact require an low power consumption, can be 
simple if there is a small river nearby, with the help of an 
micro-hydro aggregate (a micro-turbine + a micro-
generator). 
This paper presents such a micro-hydro aggregate made 
by Hydro Engineering SA Resita [1], focusing on 
improving the efficiency of less than 10 kW micro-turbine 
Banky type, and after some calculations and 
measurements, to choose optimal blade design. 
 
Key words: micro-hydro aggregate, Banky, efficiency, 
design 
 
 
1. INTRODUCTION 
 
This paper presents such a micro-hydro aggregate - 
hydraulic tested on a stand - and then measuring results to 
determine their behavior based on - in this case - the 
shape of the turbine blade. 
 
2. OVERVIEW OF MICRO-HYDRO 

AGGREGATE 
 
Figure 1 shown the 3D design of micro-hydro aggregate, 
designed and built at S.C. Hydro Engineering SA Resita 
[1]. The main components of the unit are frame-support, 
housing, supply pipe, transmission belt, generator 
(alternator). 
Frame-supporting micro-hydro unit is made of I profile, 
welded. Housing - also made welded - steel sheet is 10 
mm. Supply pipe has a vertical rectangular profile. 
Transmission is made with two V-belts. Cross-flow 

turbine is designed for 10 kW theoretical maximum 
power, for a maximum flow of 30 l/s. The turbine rotor 
has 30 blades. 
 

 
 

Fig.1. The 3D design of the micro-hydro aggregate 
 
Figure 2 shown the micro-hydro aggregate at the 
measurements moments, on the hydraulic test stand. 
 

 
 

Fig.2. Micro-hydro aggregate with 10 kW cross-flow 
turbine on hydraulic test stand during measurements 

 
3. THE BLADES DESIGN 
 
After several calculations we made, three variants were 
designed for turbine blades. In figures 3, 4, and 5, are 
shown the sections of these three versions. 

 
 

Fig.3. Version 1 of turbine blade  
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Fig.4. Version 2 of turbine blade  

 
 

 
Fig.5. Version 3 of turbine blade  

 
The data from the drawings were removed for obvious 
reasons. 
Theoretical calculations have concluded that the best 
option would be version number three. Therefore, we 
went to the experiments, after three variants were built. 
 
4. EXPERIMENTAL RESULTS OF MICRO-

HYDRO TURBINE ON HYDRAULIC TEST 
STAND  

 
In following tables (Tables 1, 2, and 3) H is the height  of 
fall of water [m], α is the opening angle of the flow 
control blade [°], n is the turbine obtained speed 
[rev./min.], Q is the flow of water [mc/s], η is turbine 
efficiency [%], and Pt is the turbine output power [kW]. 
 
Table 1. Results obtained for version 1 of turbine blade 

H α n Q η Pt 
[m] [°] [rpm] [mc/s] [%] [kW] 
50 23 1886 0.0218 80.32 8.589 
50 22 1887 0.0205 82.45 8.291 
50 20 1885 0.0198 82.80 8.041 
50 18 1889 0.0182 80.79 7.212 
50 16 1888 0.016 75.60 5.933 
50 14 1887 0.0129 68.35 4.325 
50 12 1884 0.0109 62.50 3.342 
50 10 1886 0.0086 56.15 2.369 

Table 2. Results obtained for version 2 of turbine blade 

H α n Q η Pt 
[m] [°] [rpm] [mc/s] [%] [kW] 
50 23 1885 0.0223 80.70 8.827 
50 22 1885 0.0217 82.90 8.824 
50 20 1887 0.0202 83.00 8.224 
50 18 1888 0.0186 80.30 7.326 
50 16 1885 0.0162 76.20 6.055 
50 14 1885 0.0134 69.15 4.545 
50 12 1887 0.0114 63.22 3.535 
50 10 1885 0.0094 56.00 2.582 

 
Table 3. Results obtained for version 3 of turbine blade 

H α n Q η Pt 
[m] [°] [rpm] [mc/s] [%] [kW] 
50 23 1885 0.0226 81.00 8.979 
50 22 1886 0.0218 83.30 8.907 
50 20 1885 0.0199 83.60 8.160 
50 18 1889 0.0182 80.80 7.213 
50 16 1886 0.0159 76.50 5.966 
50 14 1885 0.0132 69.30 4.487 
50 12 1887 0.0114 63.70 3.562 
50 10 1885 0.0096 57.00 2.684 

 
With the results from Table 1, Table 2, and Table 3, 
charts were drowning in figures 6 to 11, for the turbine 
obtained power (Fig. 6, 8, and 10), and turbine efficiency 
(Fig. 7, 9, and 11), respectively. 
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Fig.6. Chart for the power of turbine, version 1 of turbine 

blade  
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Fig.7. Chart for the efficiency of turbine, version 1 of 

turbine blade  
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Version 2
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Fig.8. Chart for the power of turbine, version 2 of turbine 

blade  

Version 2

80.70 82.90 83.00 80.30 76.20
69.15

63.22
56.00

0

20

40

60

80

100

0.0223 0.0217 0.0202 0.0186 0.0162 0.0134 0.0114 0.0094

Q [mc/s]

η [%]

 
Fig.9. Chart for the efficiency of turbine, version 2 of 

turbine blade 

Version 3
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Fig.10. Chart for the power of turbine, version 3 of 

turbine blade  
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Fig.11. Chart for the efficiency of turbine, version 3 of 

turbine blade 
 
In figure 12 are shown comparative chart for the obtained 
output power of the turbine, for the three versions of the 

blades, and in figure 13 comparative chart for the 
calculated efficiency of the turbine, for the three versions 
of the blades, in same order (Version 1, Version 2, and 
Version 3). 
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Fig.12. Comparative chart for the power of turbine, 

for the three versions of turbine blade 
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Fig.13. Comparative chart for the efficiency of turbine, 

for the three versions of turbine blade 
 
5. CONCLUSIONS  
 
After the tests made on the hydraulic stand, the best 
results as follow (Table 4).  
 
Table 4. Best results for micro-hydro Banky turbine 

H 
[m] 

Q 
[mc/s] 

n 
[rpm] 

Pt 
[kW] 

η 
[%] 

α 
[°] 

50 0.0226 1885 8.96 81.00 23 
50 0.0218 1886 8.90 83.30 22 
50 0.0199 1885 8.15 83.60 20 
50 0.0182 1889 7.20 80.80 18 
50 0.0159 1886 5.98 76.50 16 
50 0.0132 1885 4.49 69.30 14 
50 0.0114 1887 3.57 63.70 12 
50 0.0096 1885 2.68 57.00 10 

 
The maximum power Pt was obtained at the larges flow 
of water - 22.6 l/s (Table 4). 
On the other hand, the best efficiency η was obtained for 
a reduced flow of water - 19.9 l/s (Table 4), in 
comparison with the maximum power. 
On both cases, the angle of the flow control blade is not 
the same, but we consider that this angle is not very 
important at this time, taking in consideration only the 
shape design for the rotor blade. 
Figure 14 shown chart of turbine obtained power Pt, and 
figure 15 shown chart of the efficiency η of the turbine at 
the n speed of 1885 rev./min, both depending on water 
flow Q [mc/s]. 
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Fig.14. Turbine obtained power [kW] at the speed of 
1885 rev./min, depending on Q [mc/s] 
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Fig.15. Turbine efficiency [%] at the speed of 1885 
rev./min, depending on Q [mc/s] 

 
Taking into account the experimental results presented in 
tables 1, 2, and 3 and figures 6 to 13, some conclusions 
could be next: 

 the measured hydraulic power decreases sharply with 
decreasing flow, especially under 20 l/s, and this 
happens in all the cases (for the three versions of the 
blade); 

 there is a slight increase in efficiency, about the values 
of water flow of 21 – 19 l/s, although these decrease, 
and these phenomenon take place for all there versions 
of blade shape; 

 the differences between the values for obtained turbine 
power, for the three versions of the blade shape, are 
relatively small (see Fig. 12);  

 the values of turbine calculated efficiency, for the 
three versions of the blade shape, are very close (Fig. 
13). 

Considering Table 4, and figures 14 and 15, we can 
observe that: 

 the obtained power of turbine has the same trend, like 
always; 

 the calculated efficiency of the turbine complies with 
the trend observed earlier. 

The best results for turbine power and for turbine 
efficiency, combined, were obtained for version 3 of the 
blade. 
The theoretical calculations (not presented here) have 
concluded that the best option would be version number 3 
of the blade shape, and the experimental results showed 
the same. 
In this presented case, we designed and build for turbine a 
number of three rotors, with the same number of blades, 
and the difference between these is just the blades shape, 
which we used for rotors. 

Taking in consideration this fact and the results presented 
in this paper, for the future we thought to design and test 
more rotors with different number of blades, all with the 
version 3 of blade shape, which proved to be the best, as 
seen in this paper. 
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Abstract: For the past 50 years, nuclear power plant 
development has passed a long way from a prototype 
plant to mature power plant facility. Nuclear energy plays 
a significant role in ensuring diversity of power sources. 
This role is yet to gain its importance, when the fact that 
reserves of fossil fuels, particularly oil and natural gas, 
are being rapidly exhausted, thus causing the uncertainty 
in the stability of costs and availability in the world’s 
energy market. Safety issues in a nuclear power plant are 
one of the most important factors which should determine 
them as acceptable energy facilities. With a variety of 
nuclear power solutions which have evolved over the 
years through development, choosing the optimal 
construction for the reactor, in the terms of safety and 
efficiency is of at most importance.  Hence, the 
construction of model functions using TRIZ methodology 
and selection of solutions of Altshuller matrix for 
choosing the optimal construction of nuclear reactors for 
the enhancement of passive safety are presented and 
discussed in this paper. 
 
Key words: nuclear power plant, passive safety, TRIZ 
method, optimal design, Altshuller matrix 
 
 
1. INTRODUCTION 
 
Nearly two billion people around the world have no 
access to electricity and this problem will become worse 
due to population growth. Global dependence on fossil 
fuels and large hydro power plants will remain a 
dominant trend at least up to 2020 [7], but it will not be 
enough to satisfy the growing energy demands of 
humanity. In the last three decades nuclear energy has 
played an important role in electricity generation. The use 

of nuclear power generators accounts for approximately 
17% of total electricity produced in the world [9]. Such a 
breakthrough of nuclear energy occurred thanks its purity 
and almost no greenhouse gas emissions. Well designed 
nuclear power plants have proven to be reliable, safe, 
economical and environmentally friendly with proper 
maintenance. Although nuclear power plants may be 
considered environmentally friendly when operated 
according to the strict safety procedures, they represent an 
evident threat of a disaster which may be caused by 
inadequate operation due to the human factor. 
According to some prediction by the end of the first half 
of this century the world will have built 1280 new nuclear 
power plants, and the number of nuclear plants will have 
grown grow to more than 1700 [9].This means that a 
nuclear power plant would be situated on every 100 km 
anywhere in the world. 
The reasons for building new nuclear power plants are: 

 The rapid population growth (6.6 no and 9 billion 
estimated for 2050) will have doubled the current 
consumption by 2030. 

 Global warming, predominantly caused by greenhouse 
gas emissions, mostly carbon dioxide 

 The increasing consumption (and demand) in the 
economies with fast growing populations (China, 
India ...) 

 Increase of the price of fossil fuels each year - oil and 
natural gas mostly 

 Long-term availability of cheap uranium, as well as 
recycled nuclear fuel 

 The increase of presence of hybrid electric and fuel-
cell cars which generally use hydrogen causing an 
increase of power consumption. 

Nuclear power plants use uranium isotope U-235 as fuel 
because it is very suitable for fission. In nature uranium 
can be found with more than 99% U-238 and only about 
0.7% U-235. While U-238 absorbs fast neutrons, U-235 
in collisions with slow neutrons decays into highly 
radioactive fission products, and thereby emits more fast 
neutrons. Slowing down of fast neutrons in collisions with 
molecules of heavy water creates a nuclear chain reaction. 
During this process water is heated. Heat released in the 
process represents the desired energy. This process is 
continually repeated in nuclear reactors in strictly 
controlled conditions. Although nature is relatively rich 
with uranium (a hundred times more than silver), there are 
limited reserves of U-235 isotope. For this reason 
uranium enrichment process is implemented. In the final 
phase, nuclear fuel is in the form of rods about one inch 
long. Such a rod may give approximately the same 
amount of energy – as combustion of a ton of coal [11]. 
Like all processes of energy production from renewable 
sources nuclear power plants also produce waste - 
radioactive waste and hot water. Since nuclear power 
plants do not produce carbon dioxide, their use does not 
increase the greenhouse effect. 
The spent fuel typically consists of roughly 99.28% U-
238 and 0.714% of U-235, 1% plutonium and 3% fission 
products [8]. It can be first processed by separating into 
three groups: uranium, plutonium and waste. Uranium 
and plutonium can be used to create a new fresh fuel 
reducing the amount of nuclear waste. Such processed 
fuel consisting of uranium oxide and plutonium fuel is 
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another”. In the observed problem this means that nuclear 
fuel elements should be constructed with several coating 
layers, with each layer with a different purpose: 
moderator layer which is resistant on high temperatures 
would stop the melting and leaking of nuclear fuel in case 
of an incident. 
Principle 3: “Local Quality” [1]. Possible appropriate sub 
principles: 3A: “Change an object’s structure from 
uniform to non-uniform”, and 3B: “Change an external 
environment (or external influence) from uniform to non-
uniform”.  In fact this can be combined with principle 7, 
and in that case there wouldn’t be a fabrication of 
independent uniform fuel rods from uranium oxide and 
independent rods which would act as a moderator, 
instead, all the elements would be shaped together in one 
layered uniform assembly. Finally, that would lead to a 
higher cumulative uniformity of the whole reactor. 

Second contradiction is increase in the degree of 
automation of the system, without increasing the 
complexity of the structure. Derived principles for this 
contradiction are: 15, 24 and 10 [1]. 
Principle 10: “Preliminary Action” [1]. From this 
principle we can use the sub principle 10B: “Pre-arrange 
objects such that they can come into action from the most 
convenient place and without losing time for their 
delivery.” This means that by designing the reactor of a 
specific shape, and designing nuclear fuel elements of a 
specific shape, the passive safety of the reactor can be 
increased, and the requirement for complicated automatic 
system decreased.  
Third contradiction is about increasing the productivity, 
despite harmful factors which are included in the object 
itself, like decrease of efficiency of the fuel over time, or 
the harmful outside effects. Derived principles for this 
contradiction are: 13, 18, 22, 24, 35 and 39. 
Principle 13: “The Other Way Around” [1]. Possible 
appropriate sub principles: 13B: “Make Movable parts (or 
external environment) fixed, and fixed parts movable”. In 
our case fixed objects which will be made movable are 
the elements with nuclear fuel, which are usually fixed 
during the operating state of the reactor, but because of 
the increase of productivity they would be made movable 
so that they could be changed continuously during the 
operating state and replaced with new ones without 
stopping the activity of the reactor. 
Principle 22: “Blessing in Disguise” [1]. Possible 
appropriate sub principle 22A: “Use harmful factors 
(particularly, harmful effects of the environment or 
surroundings) to achieve positive effect”. Positive side of 
continuous refueling also permits continuous inspection 
of the fuel elements. 
Principle 24: “Intermediary” [1]. The principal 24B can 
be used: “Merge one object with another (which can 
easily be removed)”. In the case observed a merged object 
would be a system for automated placement of new 
nuclear fuel elements and removing old ones from the 
reactor. 
 

3.2. Analysis Results 
 

According to the demands of TRIZ analyses the most 
appropriate type of reactor in this case would be PBR – 
Pebble Bed Reactor, a generation IV reactor type. China 

came the furthest with the research of this type of 
reactors, with the 10 megawatt prototype called HTR-10. 
It is a conventional helium-cooled, helium-turbine design. 
The program is held at Tsinghua University in Beijing. 
The first 250 MW plant is scheduled for construction in 
2009 and commissioning in 2013. There are plans for the 
construction of thirty of such plants by 2020 (6 GW). By 
2050, China plans to deploy as much as 300 GW of 
reactors of which PBMRs will be a major component. If 
PBMRs are successful, there may be a substantial number 
of reactors deployed. This may be the largest planned 
nuclear power deployment in history. The Chinese HTR-
10 is in fact a replica of German research reactor AVR - 
Arbeitsgemeinschaft Versuchsreaktor, which was 
developed in the 1980, but further research was 
abandoned due to the political and economic reasons. 
The pebble bed reactor (PBR) is a graphite-moderated, 
gas-cooled, nuclear reactor. It is a type of very high 
temperature reactor (VHTR–formally known as the high 
temperature gas reactor (HTGR)), one of the six classes of 
nuclear reactors in the Generation IV initiative. Like other 
VHTR designs, the PBR uses TRISO fuel particles, which 
allows for high outlet temperatures and passive safety. 
This type of reactor is claimed to be unique because its 
passive safety removes the need for redundant, active 
safety systems. Because the reactor is designed to handle 
high temperatures, it can be cooled by natural circulation 
and still survive in accident scenarios, which may raise 
the temperature of the reactor to 1600°C. Thanks to its 
design, it’s high working temperatures allow higher 
thermal efficiencies than  the ones in traditional nuclear 
power plants (up to 50%) and has the additional feature 
that the gases do not dissolve contaminants or absorbing 
neutrons as water does, so the environment is less 
contaminated.  
Tristructural-isotropic (TRISO) fuel is a type of micro 
fuel particle. It consists of a fuel kernel composed of 
UOX (sometimes UC or UCO) in the center, coated with 
four layers of three isotropic materials [10]. 
 

 
 

Fig.3. TRISO particle structure 
 
The pebble-bed reactor design is based on a fundamental 
fuel element, called a pebble that is a billiard ball size 
graphite sphere containing about 15,000 uranium oxide 
particles with a diameter of poppy seeds [figure 3]. The 
evenly dispersed particles each have several high-density 
coatings. One of the layers, composed of tough silicon 
carbide ceramic, serves as a pressure vessel for retaining 
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the products of nuclear fission during reactor operation or 
accidental temperature excursions. About 360,000 of 
these spherical fuel pebbles are placed into a metal vessel 
surrounded by a shield of graphite blocks. In addition, as 
many as 100,000 un-fueled graphite pebbles are loaded 
into the core to shape its power and temperature 
distribution by spacing out the hot fuel pebbles [10]. 
Safety advantage of the PBR reactor is that when the 
nuclear fuel increases its temperature, the rapid motion of 
the atoms in the fuel causes an effect known as Doppler 
spreading. The fuel then emits neutrons which have wider 
range of relative speeds. U238, which forms the bulk of 
the uranium in the reactor, is much more likely to absorb 
fast or epithermal neutrons at higher temperatures. This 
reduces the number of neutrons available to cause fission 
of U235, and reduces the power of the reactor. Doppler 
spreading therefore creates negative feedback because 
reactor power decreases as the fuel temperature increases. 
Doppler spreading therefore creates negative feedback 
because reactor power decreases as fuel temperature 
increases. All reactors have reactivity feedback 
mechanisms, but the pebble bed reactor is designed to 
strengthen this effect and not dependent from any kind of 
machinery or moving parts. Thanks to its passive cooling, 
and the pebble bed reactor designed for higher 
temperatures, the pebble bed reactor can passively reduce 
to a safe power level in an accident scenario. This is the 
main passive safety feature of the pebble bed reactor, and 
it makes the pebble bed design (as well as other very high 
temperature reactors) unique from conventional light 
water reactors which require active safety controls [13]. 
The reactor is cooled by an inert, fireproof gas, so it 
cannot have a steam explosion as a light-water reactor 
can. The coolant has no phase transitions—it starts as a 
gas and remains a gas. Similarly, the moderator is a solid 
carbon, it does not act as a coolant, move, or have phase 
transitions (i.e., between liquid and gas) as the light water 
in conventional reactors does. 
Thus, if all of the supporting machinery of a pebble-bed 
reactor fails, the reactor will not crack, melt, explode nor 
spread hazardous wastes. It simply will simply go up to a 
designed "idle" temperature, and stay there. In that state, 
the reactor vessel radiates heat, but the vessel and fuel 
spheres remain intact and undamaged. The machinery can 
be repaired or the fuel can be removed. These safety 
features were tested (and filmed) with the German AVR 
reactor. All the control rods were removed, and the 
coolant flow was halted. Afterward, the fuel balls were 
sampled and examined for damage and there was none. 
The continuous refueling means that there is no excess 
reactivity in the core. Continuous refueling also permits 
continuous inspection of the fuel elements.  
The design and reliability of the pebbles is crucial to the 
reactor's simplicity and safety, because they contain the 
nuclear fuel. The pebbles have the size of tennis balls. 
Each has a mass of 210 g, 9 g of which is uranium. It 
takes 380,000 to fuel a reactor of 120 MW [10]. 
Also many of earlier mentioned Altshullers principles are 
satisfied with this reactor construction. Principle 3 is 
accomplished, in other words the transition from uniform 
fuel rods and uniform control rods to uninformed layered 
structure of fuel pebbles is accomplished. At the end, that 
brought to a bigger cumulative uniformity of the whole 

reactor. Also with this the principle 7A - “Russian Dolls-
Nested Doll” is satisfied, because nuclear fuel is layered 
with couple of different layers one inside another, and 
each of them has a different purpose. 
Principle 10B is satisfied - pre-arranged objects which can 
come into action from the most convenient place without 
losing time for their delivery, and decrease the 
requirement for complicated automatic system, in contrast 
to the majority of today’s operational reactors. 
Principle 13B is satisfied: “Make Movable parts fixed, 
and fixed parts movable”. In our case fixed objects which 
are made movable are the elements with nuclear fuel, 
which are usually fixed during the operation regime of the 
reactor, but because of increase in productivity they 
would be made movable so they could be changed 
continuously during the operation regime, and replaced 
with new ones without stopping the activity of the reactor. 
Also the principle 22A is satisfied: “Use harmful factors 
to achieve positive effect”. Positive side of continuous 
refueling also permits continuous inspection of the fuel 
elements. 
Continuous replacement of fuel elements also creates 
possibility for automatization of that process, by adding 
the subsystem for realization of that task. Hence, the 
principle 24B is satisfied. This also leads to minimization 
of radiation exposure during the replacement of the fuel, 
in comparison to the other types of reactors operating 
today, where the fuel is replaced at once every two or 
three years.    
By satisfying principle 35, the principle which describes 
parameter changes, the increased passive safety of reactor 
is archived. In other words, the reactor design, and 
allocation of its elements allows a much more efficient 
use of the Doppler broadening effect, for stopping 
uncontrollable chain reaction.  
Pebble Bed Reactor has operating temperature of about 
800 o C. Most of today’s operating reactors have working 
temperature of about 400 o C.  This characteristic gives 
an opportunity for PBR to be used for thermo-chemical 
production of hydrogen, besides the use for production of 
electrical energy. Thermo-chemical cracking of water is 
being developed around the world. Typically, this process 
uses temperatures of 700 to 900 o C in combination with 
chemical reagents to break water into hydrogen and 
oxygen. The chemicals are recycled. The only input is 
water, and the only outputs are hydrogen and oxygen. The 
produced hydrogen can be then used to power car with 
fuel cells, which will become more frequent in the near 
future, and all of that without emitting any of the 
greenhouse gases [3]. 
 
4. CONCLUSION 
 
By adaptation of TRIZ theory, or the Theory of Inventive 
Problem Solving, we have come to a conclusion that 
because of fast growth in exploitation of fossil fuels, and 
expansion in energy demands in the future, the 
approaching deficiency of electrical energy would be best 
compensated by building nuclear power plants with fourth 
generation Pebble Bed Reactors. TRIZ presents a 
systematic approach for analyzing the kind of challenging 
problems where inventiveness is needed, and provides a 
range of strategies and tools for finding inventive 
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APPARATUS DESIGN FOR RESISTANCE 

SPOT WELDING OF COPPER LOBES 
FOR ELECTRIC MOTOR COLLECTOR 

 
Bojan RANČIĆ 

Dragan TEMELJKOVSKI 
Petar ĐEKIĆ 

Sofija RANČIĆ 
 
 
Abstract: This paper shows the design of the apparatus 
for resistance spot welding copper lobes or copper 
conductors of electricity for electric motor collector. 
European Standard EN ISO 14327:2004 specifies basic 
parameters of resistance spot welding for 
coated/uncoated steels, stainless steels, and aluminum 
and its alloys. Research and study of basic parameters of 
resistance spot welding copper lobes is possible only on a 
concrete apparatus or machine. The authors constructed 
such a machine, which would allow for welding rotors of 
the hand tools and home machine. Apparatus has a 
maximal adaptation to workshop conditions and is easy to 
handle, and simple and quick to train performers. 
Effectiveness in the work is enabled by a big and simple 
mechanical conformation to different length and diameter 
shaft rotors. Bearings of rotors are changeable, that is, 
both supports have the possibility to adapt their height 
and length. 
 
Key words: resistance spot welding, copper lobes, 
collector of rotors.  
 
 
1. INTRODUCTION 
 
There are many types of welding. Not going into a more 
detailed division, one of the types of welding is electric 
resistance welding. Electric resistance welding is divided 
into three groups [1]: 

 resistance spot welding, 
 resistance seam welding, and 
 resistance projection welding. 

This paper shows the design of the apparatus for 
resistance spot welding copper lobes or copper conductors 
of electricity for electric motor collector. 
Research and study of basic parameters of resistance spot 
welding copper lobes is possible only on a concrete 

apparatus or machine. The authors constructed such a 
machine, which would allow for spot welding rotors of 
the hand tools and home machine. 
 
2. APPARATUS DESIGN 

 
Fig.1. 3D drawing of apparatus 

 
The 3D drawing of the design of the apparatus for 
resistance spot welding, created in the SOLIDWORKS 
program, is shown in Figure 1, ([2], [3]). 
The apparatus was constructed in line with the provisions 
of ISO 699:2000 standard (2000), [4]. 
The basic elements of the apparatus are: 

 handle (lever, position, 1, Fig.1; and pos. 1, Fig 2), 
 housing (pos. 2, Fig.1; and pos. 10, Fig 2), 
 electrode (pos. 3, Fig.1; and pos. 1, Fig 3), 
 electrode bearing (pos. 4, Fig.1; pos. 11, Fig 2 and 
pos. 3, Fig 3), 

 switch for turning the apparatus on/off (pos. 5, Fig.1; 
and pos. 4, Fig 2), 

 signal light which shows whether the apparatus is 
turned on or off (pos. 6, Fig.1; and pos. 3, Fig 2), 

 control block (pos. 7, Fig 1; and pos. 12, Fig 2), 
 control panel (pos. 8, Fig.1), 
 rotary switch for adjusting the intensity of welding 
current (pos. 9, Fig 1 and pos. 5, Fig 2), 

 rotary switch for adjusting welding time (pos. 10, Fig 
1 and pos. 7, Fig 2), 

 signal light verifying that both current and welding 
time are adjusted (pos. 11, Fig 1 and pos. 6, Fig 2), 

 bearing bolts with springs (pos. 12, Fig 1; pos. 8, Fig 
2; pos. 4, Fig 3 and pos. 7, Fig. 4), 

 bearing plate (pos. 13, Fig 1; pos. 13, Fig 2; pos. 6, 
Fig 3 and pos. 1, Fig. 4), 
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 bearings for adjustable supports (pos. 14, Fig 1 and 
pos. 2, Fig 4), 

 adjustable supports (pos. 15, Fig 1 and pos. 3, Fig 4), 
 bolt for securing the position of adjustable supports 
(pos. 16, Fig 1 and pos. 4, Fig 4) 

 

 
 

Fig.2. Picture of apparatus 
 

 
 

Fig.3. View of working elements 
 

 
 

Fig.4. Front view of working elements 

2.1. Characteristics of Apparatus 
 

The basic characteristics of the apparatus are: 
 the mass of the rotor where the welding of the copper 
lobes to the collector is performed, 0.1 to 2.5 kg, 

 the maximum diameter of the rotor where the welding 
of the copper lobes to the collector is performed is 70 
mm, 

 the diameter of the rotor shaft where the welding of 
the copper lobes to the collector is performed ranges 
from 4 to18 mm, 

 the working distance between the apparatus bearing 
bolts is 136 mm, 

 the power supply delivers alternating current of 220 
V, 50 Hz, 

 the minimum network voltage is 190 V, 
 the working power of the apparatus supply is 50 W, 
 the dimension of the apparatus are 390x390x250 mm, 
 the mass of the apparatus is 38 kg, 
 the working efficiency is 1-5 min/per rotor, depending 
on the skill of the operator and the condition of the 
rotor, 

 working conditions – room conditions.  
 

2.2. Work Principle 
 

The rotor shaft (pos. 12, Fig 2 and pos. 7, Fig 4) is 
position into the two adjustable supports in the shape of 
the letter V (pos. 3, Fig 4), whose distance is adjusted to 
the length of the rotor shaft, and the position is fixed by 
two bolts (pos. 4, Fig 4). Using the switch for turning the 
apparatus on (pos. 4, Fig 2), the current is supplied to the 
apparatus, and the signal light also turns on (pos. 4, Fig 2). 
Rotary switches (pos. 5, and pos. 7, Fig 2) are used to 
adjust the intensity of current and welding time. The 
signal light verifies that the current and welding time are 
adjusted (pos. 6, Fig 2). By lowering the handle (the 
longer leg of the two-legged lever, pos. 1, Fig 2), the 
electrode (pos. 1, Fig 3), copper lobe, and rotor collector 
come into contact (pos. 2, Fig 3). The welding process 
begins when the button at the top of the handle (pos. 17, 
Fig 1 and pos. 2, Fig 2) is pressed and held. If the operator 
notices that something is wrong, the welding is stopped by 
releasing the button. 
The most significant parameters in electric resistance spot 
welding are: 

 welding current, 
 welding time, and 
 electrode pressure. 

Welding current and time are adjusted by rotary switches 
(pos. 5, and pos. 7, Fig 2), while the pressure force on the 
electrode is regulated by a spring (pos. 4, Fig 3 and pos. 8, 
Fig 4). To determine the necessary pressure force on the 
electrode, in the Laboratory for Machining and Machine 
Tools, at the Faculty of Mechanical Engineering in Niš, a 
force transducer was constructed (pos. 5, Fig 4), since the 
space for measurements on the apparatus was not large 
enough for factory transducers. 
The force transducer was manufactured from a thick-
walled tube of D/d⋅H = 50/9⋅35 mm in dimension, with 
four strain gauges of 120 Ω (10/120 LY11, HBM 
company) fixed to its external surface and connected into 
a Wheatstone bridge. The material of the thick-walled 
tube was the steel 42CrMo4 (EN), and the output signal 
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was passed through a digital amplifier (DA3418, HBM 
company) to the measuring computer. It was possible to 
read the pressure force upon the appropriate compression 
of the spring on the screen of the measuring computer. To 
keep the value of spring compression constant, a metal 
bolt (pos. 5, Fig 3) and a set of spacer washers of different 
thicknesses were used (not shown in the figure). 
Regardless of many influential factors that may appear in 
electric resistance spot welding, the entire cycle of 
forming the welding spot can be provisionally divided 
into three characteristic phases. 
The first phase represent the period of time in which the 
copper lobe is pressed against the collector with certain 
force Fe. In this period, subjected to the pressure force, a 
physical contact occurs between the touching surfaces, 
which provides the necessary conditions for the flow of 
alternating current. 
The second phase starts with the turning on of the 
electrical circuit. From that moment on, the material 
between the electrodes begins to heat up and becomes 
more and more plastic. Since such a softened material is 
simultaneously subjected to the pressure force through the 
electrodes, the surface of real contact between the parts is 
constantly spreading in that area. This phase lasts until the 
material of the parts between the electrodes is heated up 
close to the melting point, which causes the formation of 
the so-called molten metal core in that spot. It is in this 
phase that all contact resistances disappear, with only the 
electric resistance of the heated and softened material 
remaining on the collector flange. 
The third phase of the cycle of spot welding begins in the 
moment when the electrical circuit is opened and ends in 
the cooling of the core to room temperature. However, 
after the electrical circuit is opened, that is, at the 
beginning of the third phase, the pressure of the electrodes 
is not turned off immediately. The welding spot is 
supposed to be subjected to the pressure force for a certain 
additional period of time, and it is only after that period 
that the welded parts are unloaded. 
All three phases pass automatically, based on the 
previously determined welding parameters, selected on 
the basis of the properties of the materials being welded 
together. This ensures the adequate mixing of the 
materials in the welding spot and the appropriate 
characteristics of the weld. In that case, the welding spot 
has the optimal dimensions. 
 

2.3. Characteristics of Electrode 
 

The electrodes for spot welding play an important, yet 
completely different role in comparison to the electrodes 
used in arc welding. Their basic task in spot welding is to 
allow the flow of the necessary power of electricity to the 
welding spot with their least possible resistance, on the 
one hand, while having to transfer the necessary 
mechanical force needed to exert the appropriate pressure 
to the welding spot, on the other. 
Apart from these two basic tasks, the electrodes in spot 
welding serve the purpose of removing the heat from the 
welding zone during the flow of the electric current, as 
well as after it is turned off. 
Thus, it can be concluded that the electrodes used in spot 
welding are specific and highly stressed parts, both in the 
thermal and mechanical sense of the word. And since they 

are heated up during the process, they need to be cooled 
down. 
Such a state affects their life cycle, which is particularly 
the case in large-scale and mass production. The most 
stressed part of the electrode is its tip – it is, in fact, its 
working part which, apart from the abovementioned tasks, 
has to retain certain geometric characteristics during the 
process, and it is, as the most stressed, the one that 
withstands the most wear. 
The electrodes are manufactured in such a way that both 
their bodies, the bearings, and their tips are made 
separately ([5], [6]). Since the geometric characteristics of 
the tip of an electrode suffer great changes during the 
process, they can be corrected by sharpening if need be, or 
the tip of the electrode can be replaced if sharpening is not 
possible. 
Spot welding electrodes have a cylindrical shape, while 
the tip of the electrode can be manufactured in various 
shapes – it can be rounded, conical (the most frequent 
option), or some other shape. 
The material for the tip of the electrode, apart from being 
a good electrical conductor, needs to have good thermal 
conductivity, possess high and stable electrical and 
mechanical properties at increased temperatures 
(especially hardness); it has to be corrosion-resistant, and 
what is of particular importance – that material must not 
coalesce or alloy with the basic material that is being 
welded. Recently in the USA, the tips of electrodes have 
been manufactured from the special sintered material, the 
so-called tungsten-cadmium electrodes. 
If the force that can be exerted on the electrodes is known, 
for the calculation of the diameter of the electrode body 
D, that needs to be used often, the following empirical 
expression is applied, [3]: 
 

D = (0.4 ÷ 0.6)⋅Fe [mm], (1)
 

where: Fe – maximum electrode pressure force [N]. 
 

On the other hand, the allowed force that the given 
electrode can be subjected to is obtained using the 
following expression, [3]: 
 

Fe = (4 ÷ 5) D2 [N], (2)
 

where: D [mm] – diameter of electrode body. 
 

2.4. Material for Manufacturing Electrodes 
 

Tungsten is the element of the VI group in the periodic 
table and its alloys are used to manufacture electrodes for 
electric resistance spot welding. Among the metals with 
high melting points, it has the highest values of: melting 
temperature, modulus of elasticity, and coefficient of 
thermal conductivity. 
It crystallizes into a spatially centered grid, but it also has 
two allotropic modifications (α and β), where the 
allotropic transformation α → β occurs at 630ºC. At the 
temperature of 20ºC it has a high chemical stability in 
water and air. At the temperature of 400 ÷ 500ºC it 
oxidizes intensely, creating a porous oxide coating which 
does not protect the metal from further oxidation. It does 
not react with hydrogen even at high temperatures. At 
room temperature tungsten is resistant to: hydrochloric, 
sulfuric, nitric, and hydrofluoric acid, as well as aqua 
regia. 
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Tungsten can be obtained in several ways, but most often 
using the powder metallurgy procedure, where tungsten 
powder is obtained by reducing WO3 powder in the 
hydrogen atmosphere at 3000ºC, and further pressed and 
sintered. It can be plastically deformed only in its hot 
state, at the temperatures of 1200 ÷ 1650ºC. 
Its hardness increases greatly in the process of plastic 
deformation. 
The mechanical properties of tungsten depend on its level 
of hardness, state and testing conditions. Its properties are 
decreased with the presence of the following elements: 
O2, N2, Fe, P, Si, and other. The maximum technical 
purity of tungsten is 99.95 %, and it is extremely brittle in 
that state. Plasticity increases in the purified tungsten for 
12 ÷ 15 %. The transition from brittle to plastic state 
depends on the level of its purity. 
As far as its hardness at high temperatures is concerned, it 
is the best of all metals from this group. 
Together with molybdenum, it is used for manufacturing 
of thermal pairs, which are applied in the temperature 
region of 1200 ÷ 2000ºC. 
Regardless of its relatively high density (19.3 g/cm³) and 
low plasticity at low temperatures, tungsten is used to 
manufacture electrode alloys due to its high melting point 
(3410ºC), high modulus of elasticity (400000 Mpa), and 
extremely high fire-resistance (it withstands the 
temperatures of 2000ºC well). 
There is a great interest in the alloys based on tungsten, as 
the fundamental construction material, whose working 
temperatures exceed 2000ºC. Its basic advantages, as well 
as the advantages of its alloys, are high fire-resistance, 
high wear-resistance, and high melting point.  
 
3. CONCLUSION 
 
In resistance spot welding of copper lobes for an electric 
motor collector, welding is performed by pressing 
tungsten electrodes that apply its geometric shape into the 
electric motor collector. By turning the welding current 
on, a sufficient amount of heat is formed in the point of 
contact, due to high contact resistance, thus melting the 
point of contact and coalescing the copper lobe and the 
steel rotor collector of an electric motor. 
The advantages of electric resistance spot welding are: 

 less electrode wear, 
 smaller deformation of workpiece surface due to lower 
specific electrode pressure, 

 number and shape of welds that can be changed as 
necessary, 

 higher productivity, 
 possible welding of dirty surfaces using the 
appropriate parameters, 

 power of electric current ranges up to 2000A, and 
welding voltage to 3V. 

 idle current ranges up to 0.2A. 
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DESIGN CONSIDERATIONS FOR 
MAGNETORHEOLOGICAL DISK BRAKE 
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Abstract: Magnetorheological (MR) fluid brakes are 
devices that transmit torque by the shear force of an MR 
fluid. An overview of the most common MR fluid brakes 
constructive solutions is presented in this paper, with 
distinct accent on MR disk brake. The equation of the 
torque transmitted by the MR fluid within the brake is 
derived to provide theoretical foundation in the 
cylindrical design of the brake. MR fluids are divided into 
four different operational modes. Only one  operational 
mode can be found in MR brake applications. After an 
initial study of the characteristics of MR fluids and 
thorough brakes designs search in literature a Bingham`s 
flow model was derived and several other were mentioned 
as well. A test rig based on a proposed MR brake design 
was designed and constructed using soft ferromagnetic 
materials and commercial MR fluid, BASONETIC® 5030 
from BASF®, in process. (Some figures may appear in 
color only in an electronic version) 
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1. INTRODUCTION 

Magnetorheological (MR) fluids consist of stable 
suspensions of micro-sized, magnetizable particles 
dispersed in a carrier medium such as silicon oil or water. 
In the absence of a magnetic field, the particles in an MR 
fluid are in random distribution. When an external 
magnetic field is applied, the polarization induced in 
suspended particles results in the MR effect of the MR 
fluids. The MR effect directly influences the mechanical 
properties of the MR fluids. The suspended particles in 
the MR fluids become magnetized and align themselves, 
in chain-like structures, with the direction of the magnetic 
field. The formulation of these particle chains restricts the 
movement of the MR fluids, thereby increasing the yield 
stress of the fluids. The change is rapid, reversible and 
controllable with the magnetic field strength. New 

developments show the applicability of MR actuators to 
the automation and electrical control of complex motions 
in machines. The mechanical properties of the MR fluids 
can be used in the construction of magnetically controlled 
devices such as the MR fluid rotary brake, or clutch. To 
design the MR fluid brake for a given specification, one 
must establish the relationship between the torque 
developed by MR fluids and the parameters of the 
structure and the magnetic field strength. In this paper the 
fundamental design method of the cylindrical MR brake 
is investigated. MR fluids modes of operation were 
presented as well as the five basic MR brake designs. A 
Bingham flow model was used, and several other were 
mentioned, to characterize the constitutive behavior of the 
MR fluids subjected to an external magnetic field 
strength. The theoretical method is developed to analyze 
the torque transmitted by the MR fluid within the brake. 
An engineering expression for the torque is derived to 
provide the theoretical foundation in the design of the 
brake. Based on this equation, after algebraic 
manipulation, the volume and thickness of the annular 
MR fluid within the brake were yielded. At the end a test 
rig utilizing MR disk brake was described. The test rig 
was divided into three subsections: MR brake, driveline 
and measurement unit. MR fluid used in the test rig was 
provided by BASF® Corporation, commercially named 
Basonetic® 5030. Basonetic® 5030 is specially designed 
MR fluid for brakes and clutches applications. 

2. MAGNETORHEOLOGICAL FLUIDS 
COMPOSITION AND WORKING MODES 

MR fluids are type of intelligent structures that are 
reacting in a very specific manner when they are exposed 
to the influence of an external magnetic field source. The 
rheological properties of an MR fluid can be precisely 
tuned by means of the magnetic field. 

2.1. Composition 
MR fluid formulation consists of three main components: 
magnetizable particles with a volume fraction typically 
between 20% and 80%, (More, 2009, Sedlacik et al, 
2010), a carrier fluid, usually water, mineral or silicon oil, 
and an association of various additives. The proper 
selection and combination of these components is of 
prime importance since it will define all the macroscopic 
characteristics of the fluid such as its off-state viscosity, 
its maximum yield stress, its resistance to settling, its 
operating temperature range etc. This fact explains the 
abundance of literature on this topic and the wide variety 
of reported MR fluid formulations. 

2.2. Modes of operation for MR fluid devices 
If volume of MR fluid is placed between two planes i.e. 
plates, depending of type and direction of the acting force, 
MR fluid can be in one of four different working modes. 
All of the modes are depict in Figure 1. An MR fluid 
flows only if the shear stress τ  is greater than the 
minimum yield stress point Bτ . Otherwise, the MR fluid 
behaves like a solid. The first MR fluid mode is the Shear 
mode (Wei et al, 2007, Jinung & Dong-Soo, 2003). The 
MR fluid is located between two surfaces, moving 
(sliding or rotating) in relation to one another and with the 
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magnetic field lines perpendicularly to the direction of 
motion of these shear surfaces. The characteristic of shear 
stress versus shear rate can be controlled by the magnetic 
field. Examples of the shear mode include brakes, 
clutches, chucking and locking devices, dampers and 
structural composites. The next mode is the Squeeze 
mode (Saiful, 2008). In the Squeeze mode, the distance 
between the parallel pole plates changes, which causes a 
squeeze flow. In this mode relatively high forces can be 
achieved. This mode is especially suitable for the 
damping of vibrations with low amplitudes (up to a few 
millimeters) and high dynamic forces. The Squeeze mode 
has been used in some small-amplitude vibration dampers 
(Gregory, 2003). The Flow or the Valve mode (Gregory, 
2003, More, 2009) follows after. The MR fluid is pressed 
through a channel by a pressure p. Under the influence of 
a magnetic field the MR fluid starts flowing only when 
the pressure p is higher than a resistance Bτ . Magnetic 
field is normal to the MR fluid flow direction. Examples 
of the flow mode include servo valves, dampers, shock 
absorbers and actuators. The latest mode of operation is 
the Pinch mode. In the Pinch mode (More, 2009), as for 
the valve mode, the MR-fluid flows through a channel. 
However, the external magnetic field is applied more or 
less parallel to the flow direction by arranging the plates 
axially along the flow path and separating them by a non-
magnetic spacer. On the contrary to all previous operating 
modes, such configuration leads to a highly non-uniform 
magnetic field inside the MR-fluid. The Pinch mode has 
the smallest share in the literature, what can explain lack 
of device practical application. 
 

  
a) b) 

 
 

c) d) 

Fig.1. Modes of operation for MR fluid devices,  
a) Shear mode, b) Squeeze mode, c) Pinch mode, d) Flow 

mode 

3. TYPES OF MAGNETORHEOLOGICAL 
BRAKES 

All MR brakes work in the same mode of operation, 
Shear mode. By reviewing the available literature, five 
major brake designs have been identified: drum brake, 
inverted drum brake, T-shaped rotor brake, disk brake and 
multiple disks brake Figure 3. To the author`s knowledge, 
a poor or non, quantitative comparison of these 
architectures is available in the literature.  

When constructing a MR brake, the complexity of a 
design is the one of the most important parameters. 
Further, the maximum desirable braking torque can be 
named. The higher complexity of construction is, the 
higher the overall cost is. Beside overall cost of the 
product practical limitations are the factor that should 
never be excluded, mainly the aspect of precise 
assembling and disassembling of the brake. In other 
words, the lower tolerances of the part are, the harder is to 
achieve perpendicularity of the parts. 

3.1. Magnetorheological disk brake 
This type of MR brake has the simplest design and in the 
same time the design that is the most common in the 
literature. At Faculty of Technical Sciences (FTS), At 
Novi Sad, Laboratory for Engines and Vehicles (LEV) a 
test rig is currently under construction with this type of 
MR brake. Details regarding this test rig can be found in 
subsection of this paper, 6. The test rig. 
All MR brake designs consists out of rotor, stator, coil 
and MR fluid, MR disk brake as well. Partial cross 
section of a simple MR disk brake design is presented in 
the Figure. 2. From this figure it can be seen that the shaft 
and the disk are connected so the input rotational 
movement of the shaft is transferred on to disk as well. 
This setup allows free rotation of the disk inside the 
casing that encloses entire system and in the same time 
acts as a stator. On the inner rim of the stator the coil is 
placed. When an electric current starts to flow through 
coil, entire MR disk brake starts to acts as an 
electromagnetic core. Lines of the magnetic flux are 
perpendicular to the base areas of the brake`s disk, see 
Figure 2. With the flow of the magnetic flux through steel 
construction of the MR disk brake a rheological change is 
notice in the MR fluid that causes appearance of braking 
torque. 
 

 
 

Fig.2. Partial cross section of an MR disk brake, (More, 
2009 - partially altered) 

By increasing the number of the disks in this design a 
multi-disk MR brake is made, Figure 3 a). With this 
design a greater braking torque is achievable compared to 
the simple MR disk brake because there is a greater 
contact area included. On the other hand complexity of 
the system is greater and overall mass is increased. 

3.2. Other magnetorheological brake types 
The remaining three MR brake types, drum, inverted 
drum and T-rotor work at the same principles as the 
aforementioned types with the difference in design. The 
drum and inverted drum are depict in Figure 3, b) and c). 
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With this design MR fluid is spread so that the magnetic 
flux passes through it and is perpendicular to rim area of 
the rotor. Difference between these two types is in their 
rotor shape, drum has a cylindrical shape and the inverted 
drum has a bell shape rotor, Figure 3 b) and c). The main 
problem in these two designs is increase in rotational 
inertia by means of mass increase. Another disadvantage 
is the overall volume increase cause by the difference in 
the heights of the rotors of these two designs that are 
much greater than the height of the disk in the disk type 
MR brake. 
Last type of MR fluid brakes is the T-rotor brake, Figure 
3 d). This type is at the same time the most complex and 
the one with biggest torque potential.  
 

  
a) b) 

  
c) d) 

 
 

Fig.3. Types of MR brakes, a) Multi-disk, b) Drum,  
c) Inverted drum, d) T-rotor, (More, 2009 - partially 

altered) 
 
From Figure 3 d), area and volume of MR fluid inside T-
rotor brake can be seen. Greatest contact area gives 
potential for the biggest torque. Complexity of this type 
exceeds all the other types of MR brake named in this 
paper. Beside this, volume of the system and inertia are 
important factors that are to be considered in design 
process with limitations and confines. 

4. MODELING OF FLOW 

For the mathematical modeling of the MR fluids flow the 
Bingham model is used, with assumption that the yield 
stress is constant over the active MR area. This model is 
widely used in literature, (Lange et al, 2001, More, 2009, 
Zubieta. et aI, 2009, Jonsdottir et al, 2009), but it is not 
the only one. Herschel-Bulkley model (Alireza, F. et al, 
2007, Dug-Young, L. 2002), Bouc-Wen model, Spencer 
et al. model, Gamota & Filisko model (More, 2009), may 
in certain device applications, yield a better 

approximations of variable yield strength, but in the later 
optimization process get too complicated without 
contributing any significant benefit at the end. 
The key question in the design of MR fluid brake is to 
establish relationship between the torque and parameters 
of the structure and the magnetic field strength. In this 
model, the constitutive equation is derived by the least-
squares method, equation (1). 

γη+τ=τ &B  (1) 

where τ , as mentioned earlier, is a shear stress, Bτ is the 
yield stress developed in response to the applied magnetic 
field. Its value is dependent upon the magnetic induction 
field B, η  the viscosity of the MR fluid with no applied 
magnetic field i.e. constant plastic viscosity of the fluid, 
and γ&  the shear rate. 
The partial cross section of an MR disk is shown in 
Figure 2. In this configuration, the shear operation occurs 
at the two sides surface of the rotor. The shears in the two 
side gaps are the major torques due to magnetic yield 
strength. 
When the MR fluids are sheared between two parallel 
plates as shown in Figure 2, the shear strain rate is a 
function of disk`s radius - r alone and simply expressed 
by (Li & Du, 2003, Park et al, 2006): 

g
rω

=γ&  (2) 

Where ω  is angular velocity of the disk and g represents 
effective fluid gap in an MR brake. 

5. TORQUE ANALYSIS  

As mentioned earlier, the key question in the design of an 
MR fluid brake is to establish a relationship between the 
torque and the parameters of the structure and the 
magnetic field strength. Based on Equation (1) and the 
given geometrical configuration given in Figure 2, the 
braking torque that is caused by the friction on the 
interfaces between the MR fluid and the solid surfaces 
within the MR disk brake, can be written as: 

22dT N r drπ τ=  (3) 

Where N is the number of surfaces of the brake disk(s) in 
contact with MR fluid, e.g., 2 for one disk with MR fluid 
covering both sides, 4 for two disks etc. Considering 
practical conditions, the totally transmitted torque, Ttotal, 
consists of three components: The magnetic field induced 
torque, TB, due to the field-dependent yield stress. The 
viscous torque, Tvis., is dependent of the fluid viscosity. 
And in addition, the friction induced torque, Tfric., due to 
friction between components: seals and bearings. Thus, 
the totally transmitted torque is given by: 

. .total B vis fricT T T T= + +  (4) 

The first two components, TB and Tvis., can be obtained by 
the following integral: 

22
o

i

R
B vis

R
T T N r drπ τ+ = ∫  (5) 
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The last part of torque, Tfric.. is obtained for every angular 
velocity setup by torque gauge and is practically constant 
over time. 
The overall MR disk brake torque can be expressed by: 

( )
( )

3 3
. .

4 4
.

4
3B vis fric B i o

i o fric

T T T R R

R R T
g

πτ

ωπη

+ + = − +

− +
 (6) 

It is now easy to distinguish parts of the Equation (6). The 
dynamic yield stress given in the Bingham model of 
Equation (1) varies with magnetic induction for the MR 
fluid. It can be fitted reasonably with a third-order 
polynomial of the form as follows (Jinung & Dong-Soo, 
2003): 

2 3
1 2 3B K B K B K Bτ = + +  (7) 

Where iK are coefficients of regression and B is magnetic 
induction. 

6. THE TEST RIG 

To be able to test and compare with theoretical results of 
the designed MR disk brake a test rig has been 
constructed. Entire measurement procedures and 
comparison with earlier results is done immediately. Test 
rig construction is of a line type, Figure 6. In the next 
sections a basic description, purpose and relations of the 
test rig are presented. 

6.1. The test rig construction 
A test rig has been designed and manufactured at the FTS 
at the LEV. The main purpose of the test rig is 
experimental work, but it is taken into account that it can 
also be used for educational purposes with wide spectrum 
of working parameters. Because of this fact, some 
parameters of the test rig, are amplified up to several 
times. As an example, depict at Figure 4 position 1, the 
MR disk brake coil is presented. Coil has considerable 
number of windings. This coil allows magnetic field 
intensity to exceed needs of the experimental part of the 
test rig. Coil is placed on the circumference of the MR 
disk brake and is not covered by housing i.e. stator. The 
reason for this is rationalization in material and the 
irrelevancy of outer region magnetic field spreading. This 
solution allows better cooling of the coil as well. 
 

 
Fig.4. Magnetorheological disk brake,  

1 - Coil, 2 - Lever. 

The test rig is divided into three subsections, as follows 
consists out of three main parts: MR disk brake, test rig 
driveline and measurement unit (equipment). The first 
subsection of the test rig has been design and constructed 
based on equations and laws presented in this paper 
earlier. Test rig driveline includes electric motor and the 
supporting structure, Figure 5, positions 1 and 2. For this 
purpose an eight-pole AC motor has been installed and 
controlled by an inverter with microprocessor control, 
Figure 6, position 3. A special pulse–width modulation 
method with selectable pulse frequency is applied. All AC 
motor input parameters are inputted through this unit. 
Measurement unit subsection of the MR disk brake test 
rig consists of two part. The first part covers input 
parameters and the second part covers output parameters. 
Input parameters for this test rig are DC current and 
voltage of the coil. Both values are controlled by the 
stabile source unit, Figure 6, position 2. Range of these 
input parameters are 0-12 V and 0-2 A, respectively, 
depending on the specific need. The output parameters 
are: the rotational speed and the braking torque of the MR 
disk brake. These values were measured by two units. 
Rotational speed values were gained by an optical 
encoder, Figure 6, position 5, and the braking torque 
values were gained by a digital scale, Figure 6, position 4. 
The breaking torque was transmitted to digital scales 
indirectly using the principles of the reactive torque taken 
from the stator. Entire MR disk brake suspended in the air 
so the rotor and the stator can rotate separately. Reactive 
torque from the suspended stator is transmitted on to 
digital scale by a lever, Figure 4, position 2. 

6.2. Magnetorheological fluid 
Braking medium in the MR disk brake is aforementioned 
MR fluid from BASF®. Annular gaps filled with MR fluid 
for all types of MR brakes are presented in Figures 2. and 
3. The most important aspect of MR brake fluid filling 
process is that there are no air pockets when the brake is 
sealed at the end. When air is captured inside the brake it 
introduce an error in measurements because the density of 
the magnetic flux line is no longer homogenous through 
MR fluid. 
MR fluid used for this application is Basonetic® 5030, 
provided by BASF®, (Kieburg, 2011). Basonetic is MR 
fluid specially designed for brakes and clutches 
applications. 
Active MR fluid volume inside MR disk brake can be 
easily obtained by taking into account geometrical values 
of the rotor and stator of the brake itself. The active 
volume of annular MR fluid in the cylindrical brake can 
be obtained through the integration of the radius of the 
annular MR fluid as follows: 

2
o

i

R

R
V g rdrπ= ∫  (8) 

Where Ri and Ro are the rotor`s outer rim radius and 
stator`s inner rim radius, respectively. Equation (8) can be 
manipulated mathematically to yield: 

2 iV ghRπ=  (9) 

where h is the thickness of the annular MR fluid between 
rotor`s outer rim and the stator`s inner rim radius, given 
by: 
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o ih R R= −  (10) 

 

 
Fig.5. Test rig driveline and supporting structure,  
1 - Multiphase AC motor, 2 - Supporting structure 

 

 

Fig.6. Magnetorheological test rig, 1 - Signal amplifier, 2 
- DC source, 3 - Inverter, 4 - Digital scales, 

5 - Optical encoder, 6 MR disk brake, 7 - AC multiphase 
motor, 8 PC. 

7. CONCLUSION 

Considerations regarding Magnetorheological (MR) fluids 
compositions and working modes were presented. The 
basic design method with the most important 
consideration for MR cylindrical brake have been 
analyzed. Special attention was paid to performance and 
construction analysis of the MR disk brake. Four modes 
of operations were explained and five different MR brake 
types overview was presented. Braking torque in MR 
brakes occurs only in Shear mode. In paper`s sequel, 
mathematical flow modeling and braking torque equation 
development for disk type were yielded. It is shown that 
shear stress and thus the achievable braking torque can be 
approximated by a third degree polynomial with magnetic 
induction B as an independent variable. It is noticed that 
this brake type has good ratio of construction complexity 
versus achievable braking torque. The FTS LEV test rig 
utilizing Basonetic® 5030 MR fluid was described. Its 
dual role, as experimental test rig and teaching equipment 
was noticed. The engineering design calculations for 
volume, thickness and width of an annular MR fluid 
within the brake were derived. The future work is focused 
on the MR disk brake testing on the test rig in which the 
braking torque dynamic response, as a function of 
relevant constructive and control parameters, will be 
studied. Based on this design considerations and 

optimization methods a new generation of MR disk brake 
can be designed and manufactured. 
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CONTROL OVER ACCURACY  

PARAMETERS OF PRECISION GRINDER  
SPINDLE UNITS USING PROGRAM- 

CONTROLLED AUTOMATED  
ELECTRIC DRIVES 
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Abstract: The paper discusses the prospects in using 
program-controlled automated electric drives intended 
for intensively employed in mechanical engineering 
grinding machines with a conventional belt drive and 
advanced spindle units. The aim is to raise strength via 
reducing vibrations generated by the dynamic 
misbalance.. 
 
Key words: automated electric drive, active control, gear-
motor drive, precision grinding, accuracy, spindle, belt 
drive. 
 
 
1. INTRODUCTION 
 
Accuracy enhancement of spindle units used in the 
precision grinding machines is attained, as a rule, through 
optimizing their geometrical and accuracy parameters, 
choice of the rational inertial and stiffness characteristics 
or by vibroinsulation of the spindle assembly from the 
electric motor using a belt drive.  
Spindle assemblies with a belt drive are traditionally used 
in manufacture of the grinders. Nevertheless, as the 
analysis of investigation results has shown [1, 2], the belt 
transmission of the drives promotes the appearance of the 
angular and bending oscillations in the transmission, 
which frequencies are multiples of those of the electric 
motor and the number of runs of the belt.  
Tension of the belt and other loads on the cantilever parts 
are inducing spindle axle deformation and, consequently, 
generation of the dynamic misbalance and related 
oscillations. In addition, the spindle is affected by 
polyharmonic loads that sometimes lead to its self-excited 
resonant and elastic oscillations. As a result, the axle 
                                                           
* The following colleague took part in the paper: Uladimir 
Basiniuk, Sergei Papina, Vasili Lomako. 

initiates motion of a complex trajectory, disturbing 
thereby accuracy requirements to the precision 
machining.  
One of efficient solutions of named problem can be the 
active control over oscillations of the spindle in 
combination with interrelated systems of the on-line 
control and analysis of oscillation modes and those of the 
automated program-controlled electric drives. The method 
is aimed at abating oscillations of the spindle through 
forming similar in frequency oscillations in the antiphase. 
Besides, it seems promising to create motor-spindles with 
a built-in automated program-controlled drive enabling to 
adjust the rotation frequency of the resonant operation 
modes.   
 
2. AUTOMATED ELECTRIC DRIVES FOR 

ACTIVE CONTROL SYSTEMS OF 
SPINDLE OSCILLATIONS  

 
A special device incorporating a program-controlled 
electric drive can be used for active control of oscillation 
parameters generated in spindle assemblies. This device 
makes possible to reduce significantly bending 
oscillations of the spindle arising from the dynamic 
misbalance and fluctuations of tension forces of the belt 
drive. A variant of named device is shown schematically 
in Fig. 1. As it is seen from the scheme, oscillations are 
controlled as follows.  
Oscillations of the spindle force the belt to start tensile 
oscillations with a corresponding amplitude and 
frequency. These oscillations are recorded by a transducer 
10 and transmitted to an analyzer, then are processed and 
transmitted to a calculator 12. Calculator 12 generates a 
control signal transmitted to the electromagnetic motor 
that through rod 6 creates tensile oscillations (in the 
antiphase to tensile oscillations of the belt of the main belt 
drive) of belt 5 of the auxiliary belt drive. The oscillation 
amplitude of the auxiliary belt drive 5 is controlled by a 
sensor 8 so as to reduce the oscillation amplitude of the 
spindle till a required value. The operation algorithm of 
analyzer 9 is fit with a function of the phase inverter, 
meaning that the signals from transducers 10 and 8 are 
analyzed for their amplitude and phase.  
 

 
Fig. 1. Schematic diagram of spindle oscillation control 1 – 

spindle motor drive; 2 – main belt drive; 3 – spindle; 4 – 
driven pulley; 5 – auxiliary belt drive; 6 – rod; 7 – coil 

motor; 8 – force sensor; 9 – analyzer; 10 – tension force 
control device of the main belt-drive belt; 11 – tension 

pulley; 12 – computer-aided control system of oscillations of 
the main belt drive belt and spindle oscillations using a 

controller (K) 
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The choice of the basic program-controlled 
electromagnetic (coil) motor for the automatic electric 
drive is conditioned by the following factors. 
The program-controlled coil motors are in their essence 
nonswitched dc motors. An example of a coil motor 
design manufactured at SRMA “Planar” for the 
automated electric drive used in the technological 
equipment is illustrated in Fig. 2.  
 

 
 

Fig.2. An example of coil motor design in automated electric 
motor drive produced by unitary enterprise “Design center of 

Precision Electronic Engineering”, state research and 
manufacturing association (SRMA) “Planar”. 

 
The tractive force (Lorentz force) in the coil motors is 
formed through interaction of the current passed through 
the coil and the field of the permanent magnets. The 
design variants may differ depending on the target 
attained. On the whole, they are characterized by a 
relatively small stroke, which is required for the case 
under consideration.  
Enlarged mass and dimension parameters of the stationary 
parts typical for the coil motors are non-essential for the 
given case.  
The requirements to a quick-response of the control 
system are not very high since the real oscillation 
frequency of the basic spindle assembly of the grinding 
wheels that are needed to be controlled for the aims of 
accuracy does not surpass, as a rule, 60 Hz. To the 
advantages of above-mentioned motors, we can also relate 
a high peak thrust ratio versus mass of movable parts, 
design and manufacture simplicity, and provision of the 
minimal nonlinear effects as a controllable object.  
There is a possibility to make the movable parts of the 
coil motors by involving a less number of the elements 
since the armature participating integrally in creation of 
the tractive force can be fit with a single-phase coil on the 
iron-free base, which we can relate to one more advantage 
of the motors. This assists in establishing the saturation 
effect and provision of practically linear dependence of 
the tractive force on the current value, as well as in 
increasing the current and the related tractive force in 
conditions of a relatively short functioning period in each 
cycle of displacement. In this case the control over the 
coil motor is significantly simplified.  
Since the considered variant of active control implies that 
the main tensile force of the belt by the auxiliary belt 
drive is provided by independent of the coil motor tension 
unit, so created by it and periodically varied force is 
relatively small. Thanks to above-named advantages the 
coil motor is promising for application in the systems of 

active control over oscillation parameters of precision 
grinder spindles fit with a belt drive. In some cases of 
advanced modifications of above-described equipment it 
seems worthwhile to create motor-spindles with a built-in 
computer-aided electric drive.  
 
3. INBUILT AUTOMATED ELECTRIC 

DRIVES OF MOTOR-SPINDLES 
 
It is expedient to create of motor-spindles on the base of 
computer-aided electric drives for applications under 
elevated rotation frequencies of about 50,000 min-1 and 
higher. The spindles of the type are manufactured today 
by the SRMA “Planar” (see Fig. 3). 
 

 
 

Fig.3. Automated electric motor drive produced by SRMA 
“Planar” with electric motor-spindle  

of 50,000 min-1rotation frequency. 
 

It is worthwhile making spindle assemblies of the 
precision grinders operating at a traditional rotation 
frequency of the grinding wheel (till 3000 min-1) with a 
built into the motor-spindle reducer. Increased till 
32,000÷50,000 min-1 angular frequency of rotation of the 
electric motor built-into the spindle makes possible to 
reduce its dimensional and weight parameters till a 
desired level. This, in its turn, enables not to enlarge the 
traditional dimensions of spindle assemblies.  
The problem of reducing the rotation frequency of the 
electric motor down to 3000 min-1 can be successfully 
solved by using the planetary eccentric drive of either 
frictional or roller type made of advanced composite 
materials. [3-7].  
The typical design solutions of above-mentioned drive 
models are illustrated in Fig. 4. 
The friction drive (Fig. 4a, b) consists of an input shaft 1, 
eccentric 2, dual satellite 3, casing 4, elastic element 5, a 
flange with a wheel 6 mounted so as to afford rotation and 
interaction with the satellite, and an output shaft 7. 
Symbols are designate (Fig. 4а): α - angle between axis of 
input shaft 1 and eccentric axis 2, β1 - β2 – taper angles of 
the wheel 6 and satellite 3. (Fig. 4б, с): β11 – taper angle 
of the wheel belonging to the casing 4, β12 – taper angle of 
the wheel 6, β21,  β22 –  taper angles of the elements of dual 
satellite interacting accordingly with a casing wheel 4 and 
wheel 6. 
The roller drive shown in Fig. 4c incorporates a hollow 
shaft 1 and a shaft bearing 2 rigidly fixed to shaft 1, stator 
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3 with electric motor coils mounted on shaft 1 so as to 
afford the axial reciprocating motion within the 0.5–0.8 m 
range and interaction with it in circumferential direction 
via a spline or key joint.. The rotor of electric drive 4 is 
made of permanent magnets. An annular element 5 
intended to fix the satellite case is mounted on shaft 1 on 
the rolling bearings and is rigidly connected to rotor 4.  
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Fig.4. Typical diagrams of friction (a, b) and roller (c) 
planetary eccentric drives with conical working surfaces. 
 
The planetary rolling drive consists of the main I and 
additional II groups of elements installed asymmetrically 
to each other relative to plane A, which is perpendicular 
to the axis of shaft 1. The elements are having identical 
geometrical parameters and include: 

– two central wheels 6 and 7 with the internal conical 
frictional surfaces, one of which is the wheel 6 (of the 
main group of elements I) rigidly connected with the 
hollow shaft 2, while the other wheel 2 (of the additional 
group of elements II) is installed on the hollow shaft 2 so 
as to afford the axial motion via a spline or key joint thus 
hindering its rotation about the hollow shaft 2;  
– two wheels 9 (of the main group of elements I) and 10 
(of additional group of elements II) with internal conical 
frictional working surfaces installed so as to be rotatable 
on bearings 8 and moving in axial direction towards each 
other;  
– two groups consisting of at least two dual satellites 11 
(of the main group of elements I) and 12 (of the additional 
group of elements II), each being made in the form of 
truncated cones rigidly connected to each other 11a and 
11b, and 12a and 12b, correspondingly, facing each other 
by unlike bases.  
The truncated cones 11a, 11b and 12a, 12b have the 
external conical frictional working surfaces that respond 
to corresponding internal conical frictional working 
surfaces of respective wheels 6, 7, 9 and 10 installed so as 
to afford interactions (the truncated cones 11a and 12a 
with corresponding wheels 6 and 7; the truncated cones 
11b and 12b with corresponding wheels 9 and 10). The 
dual satellites 11 and 12 are mounted so as to revolve 
about their axes in case 13 rigidly connected to the 
annular element 5. 
To regulate the pressing force of satellites 11a and 12a to 
corresponding central wheels 6 and 7 an adjustable hold-
down device 14 is used. It is installed on shaft 1so as to 
provide interactions with wheel 7 in axial direction.  
To regulate the pressing force of satellites 11b and 12b 
against the corresponding central wheels 9 and 10, another 
adjustable hold-down device 15 is used. The device is 
made in the form of a group of three identical adjustable 
hold-down devices located along a circumference and 
ensuring a regulated counter pressing of the main 9 and 
additional 10 wheels. This makes possible to attain a 
required interference of their conjugated conical frictional 
working surfaces and corresponding conical frictional 
working surfaces of the truncated cones 11b and 12a of the 
dual satellites 11 and 12. 
The gear ratios of these drives are found from the 
relations of the cone angle of the interacting elements on 
the basis of characteristic different types of kinematic 
properties of the drives Fig. 4a and Fig. 4 b, c:  
– for a structure with a single satellite (Fig. 4a): 

⎟
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⎞

⎜
⎝
⎛ −=

α
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sin
sin1 2u ,     (1) 

– for a structure with a dual satellite (Fig. 4b and c): 
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We can relate the following features of the drives shown 
in Figs. 4b and 4c to most important ones: 

 there is no need to use in the kinematic circuit any 
special mechanisms like the drive shaft to transmit the 
torque onto the outlet shaft, which makes possible to 
exclude dynamically loaded units and related noise 
and vibration problems; 
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 the structure is balanced and is devoid of the elements 
able to bring about misbalance, so by using the 
rationally realized  key units, the structure can be 
made floating to provide self-aligning of the working 
surfaces relative to each other;  

 the structure may include three or more dual satellites 
where each conjugation of the satellites with the 
central wheels can be fit with an individual system of 
adjusting the pressing force aimed at creation of a 
similar contact pressure on the contact surfaces under 
elevated loading, and extension of their resource.  

 
4. THE EFFECT OF ACTIVE CONTROL OF 

SPINDLE OSCILLATIONS ON ACCURACY 
PARAMETERS  
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Fig. 5. The trajectory of spindle axis rotation: 1 – series 

produced spindle; 2 – spindle with an active control 
system over oscillations  

 
The comparative tests of the traditional and experimental 
spindle assembly with an automated control system of 
oscillations have proved that the active control of spindle 
oscillations promotes improvement of the rotation 
accuracy of its axles by about 2–2.5 times (Fig. 5). The 
trajectory shape of the axles approaches a circle, hence, 
the effect of the belt drive on the rotation accuracy of the 
spindle can be in fact completely eliminated  
The analysis of investigations performed has shown that it 
is expedient to improve accuracy of precision grinders by 
incorporating the systems of active control over spindle 
oscillation parameters. The use of the modern computer-
aided automated electric drives on the base of 
electromagnetic motors has proved to be strongly 
advantageous. 
 
5. CONCLUSIONS 
 
The analysis of investigation results concerning the 
benefits of accuracy control of spindle assemblies in 
precision grinders by using the computer-aided automated 
electric drives has proved that the development of this 
direction is promising because accuracy of spindle 
assemblies of the grinders with traditional belt drives can 
be increased by 2–2.5 times.  
The automated electric drives can be used in motor-
spindles for internal grinding under elevated till 50,000 
min-1 and more frequency of rotation that can be adjusted 
depending on the technological parameters and self-
oscillations of the assembly units.  

Based on the automated electric drive it is possible to 
develop a spindle assembly for the external grinding by 
incorporating a built-in motor-reducer with either a 
frictional or roller planetary eccentric drive. The latter 
helps to minimize oscillations generated by the drive.  
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SERVO HYDRAULIC DRIVE 

POSITIONING USING INDUSTRIAL PLC 
CONTROLLER 

 
Edvard DETICEK 

 
 
Abstract: In this paper a possibility to apply industrial 
PLC controller for realization of servo hydraulic drive 
positioning is represented. High-speed and high accuracy 
positioning is a key element in modern mechatronics 
systems such as computer controlled machine tools, 
metal-forming machines, manipulators, injection 
moulding plastic machines, assembly and transport 
devices, material testing devices, etc. The dynamic 
characteristics of such systems are usually very complex 
and highly nonlinear. For a practical control system, it is 
usually desired to have a fast accurate response with 
small over-shoot. Nowadays the industry of automation 
equipment offers several types of PLC controllers which 
can successfully full-filled above mentioned demands. The 
intention of this article is to give basic directions to 
programmers of such PLC systems in case the closed loop 
servo hydraulic system needs to be realized. For 
successful positioning, besides the simple P- controller, 
lead-lag or lag- lead controllers to obtain higher closed 
loop control gain, are suggested. 
 
Key words: servo hydraulic drive, positioning, PLC. 
 
 
1. INTRODUCTION 
 
High-speed/high accuracy positioning is a key element in 
modern mechatronics systems such as computer 
controlled machine tools, metal-forming machines, 
manipulators, injection moulding plastic machines, 
assembly and transport devices, material testing devices, 
etc. To obtain this rapid movement, hydraulic drives 
controlled by resistance in impressed pressure network 
are used very often. Besides the excellent dynamics, the 
main advantage of such systems is the parallel use of 
multiple drives fed by one pressure net combined with 
energy recycling into the hydraulic accumulators [1]. In 
particular, the hydraulic cylinders should be stressed at 
this point due to their ability of direct transformation of 
hydraulic energy into linear movements and forces. Fluid 

power actuators are characterized by their high power 
density and excellent dynamic response. The hydraulic 
actuators in particular is capable of very high output 
power levels combined with very compact drive unit 
dimensions, with very good positioning speed being 
achieved. They are ideally suited to many high dynamic 
drive applications in modern machines and mechatronic 
systems [2].  
The servo-hydraulic cylinder system is also a mechatronic 
system, which can be divided into the electronic part and 
the mechanical part [3]. It is quite normal nowadays for 
cylinders to be equipped with electronically controlled 
proportional and servo valves, as well as with position 
transducers and force sensors, creating together closed 
control loops. To fulfil another demand of the above 
mentioned machines, namely the accurate and precise 
position and force control, appropriate control strategies 
are needed. From the control engineering point of view, a 
good reference tracking for the step, ramp, and sinusoidal 
reference signals, as well as rejection on external 
disturbances, have to be achieved.  
However the disadvantages of hydraulic systems such as 
the low damping ratio, nonlinearities of valve cylinder 
combination, friction forces, and fluid compressibility 
need to be overcome [4].  
Nowadays the industry of automation equipment offers 
several types of  PLC controllers which can successfully 
full-filled above mentioned demands. The intention of this 
article is to give basic directions to programmers of such 
PLC systems in case the closed loop servo hydraulic 
system needs to be realized. For successful positioning, 
besides the simple P- controller, lead-lag or lag- lead 
controllers to obtain higher closed loop control gain, are 
suggested. The selection is based on natural frequency of 
hydraulic cylinder and load mass. In general if very “fast” 
servo valves are used lag-lead controller is more 
appropriate [5]. On the other hand in raw industrial 
environment “slower” proportional valves are used which 
are less sensitive to oil pollution and electronic 
disturbances. In that case for closed loop control the lead-
lag controllers are suggested. 
 
2. HYDRAULIC SYSTEM DESCRIPTION 
 
A typical position controlled hydraulic system consists of 
a power supply, flow control valve, linear actuator, 
displacement transducer, and electronic servo-controller 
[6]. The servo controller compares the signal from the 
feedback displacement transducer with an input demand 
to determine the position error, and produces a command 
signal to drive the flow control valve. The control valve 
adjusts the flow of pressurized oil to move the actuator 
until the desired position is attained: a condition indicated 
by the error signal falling to zero. A force controlled 
hydraulic system operates in a similar way, except that the 
oil flow is adjusted to achieve an output force, measured 
by a suitable transducer. 
The schematic of electro-hydraulic servo system is 
depicted in Figure 1. It is composed of a single rod 
cylinder, a 4/3 way servo valve (proportional valve), a 
sliding load mass, a position transducer, an electronic 
interface and a control computer. Since the high response 
servo valve is used we assume that the valve spool  
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Fig.1. Block diagram of electro-hydraulic servo system control loop 
 
displacement xv is directly proportional to the electric i 
from electronic amplifier driven by control input voltage 
u. The relation is described by following equations where 
KV is valve spool gain, DV-is valve damping factor,TV-is 
valve time constant and TH is hydraulic dominant time 
constant. 

10
T
Tif

sTsTD21
KF

10
T
Tif

sT1
K

F

10
T
TifKF

V

H
22

VVV

V
V

V

H

V

V
V

V

H
VV

≤
++

=

÷=
+

=

≥=

 

5  (1) 

 

The servo valve (proportional valve) second stage output 
flows QA, QB by symmetric zero overlapping spool and 
pump flow Qo (rated), supply pressure p0, tank pressure 
pT=0, according to Bernoullie’ equation are: 
 

0

B0
B0V

maxV

0
B

0

A
AV

maxV

0
A

v

0

B
BV

maxV

0
B

0

A0
A0V

maxV

0
A

v

p
pp

)pp(signx
x

Q
Q

p
p)p(signx

x
Q

Q

:0xfor

p
p

)p(signx
x

Q
Q

p
pp

)pp(signx
x

Q
Q

:0xfor

m
mm

m

=

=

≤

=

±
±=

≥

 (2) 

 

Following the continuity condition, with regard to oil 
compressibility E(p), the pressure changes in both 
cylinder chambers, can be expressed as:  
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Where AA, BB are piston areas, pA- left chamber pressure, 
pB - right chamber pressure, V0A, V0B -dead volumes, KLi 
- leakage coefficient, and y is the piston rod position e.g. 
load position. 
The dynamics of the moving parts of the system is 
expressed by the force equilibrium: 
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Where m is the moveing mass, FR(t) is friction force and 
FL(t) is external load force. 
Finally by rearrangement of the above equations and 
introduction of some new terms, such as velocity gain 
VS(pA, pB, y), natural  frequency ω (pA, PB, y) and damping 
D (pA, pB, y), leads to common mathematical expression: 
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After linearization of (6) in particular operating point, 
using Laplace transformation, the transfer function of the 
entire system can be derived. It has generally the form of 
a fifth order system, which numerical parameters vary 
among different operating points. From the control 
engineering point of view it is important to recognize the 
stability critical operating point, where the controller 
parameters must be set out, to ensure stabile dynamic 
behaviour. Namely the stability critical operating point 
occurs near the servo-valve null spool position where the 
systems damping factor takes the least value as well as at 
the point of the least value of natural frequency of 
hydraulic cylinder and mass system. 
 
3. HYDRAULIC CYLINDER STIFFNESS 
 
In order to calculate the natural frequency of a hydraulic 
cylinder, the hydraulic cylinder stiffness must be found in 
advance. Figure 2 shows a hydraulic cylinder of 
differential (unequal area) on both sides of the cylinder 
piston where AA is the cylinder bore area and AB is the 
annulus effective area at the rod side. As shown in the 
figure, this cylinder can be simulated by a mass attached 
to two springs in series arrangement. In such arrangement, 
the total stiffness of the cylinder is the sum of C1 and C2. 
Starting with the definition of the stiffness, the hydraulic 
stiffness of a confined volume of oil under pressure in a 
cylinder chamber can be deduced as follows. We can 
represent compressed oil volume in cylinder chamber as a 
spring with stiffness: 
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Fig.2. Total stiffness of differential hydraulic cylinder 
 
In above equation is the E`01≈15000 bar effective bulk 
modulus taking into account the elasticity off cylinder 
walls as well as air containing in hydraulic oil. Namelly 
the stiffness of pure hydraulic oil is approximately 
E`0lmax≈18000 bar. 
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The total stiffness of a differential cylinder would then be 
the sum of both cylinder chambers: 
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A mathematical manipulation has been carried according 
to [2] to find out the total stiffness of a differential 
hydraulic cylinder versus its stroke H: 
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Fig.3. Total stiffness of differential hydraulic cylinder 

 
As it can be seen from Figure 3, stiffness is high when the 
cylinder is dead headed at either end of the strokes. 
Stiffness reaches a minimum approximately at cylinder 
travel hx= 0.56 H. substituting value of  hx in equation (9), 
minimum stiffness for differential cylinder can be 
expressed: 
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Taking into account the minimum stiffness and the 
movable mass  m of hydraulic drive the minimal natural 
frequency of hydraulic drive can expressed as: 
 

m
C minH

minH =ω  (11) 
 

The minimal natural frequency has important meaning by 
selection of numerical parameters of the controller. 
 
4. CONTROL STRUCTURE SELECTION 
 
The design of control system is concerned with 
arrangement of the system control structure and suitable 
components and parameters. The design problems 
become those of improving system performance by 
insertion of a compensator. Compensation of control 
system is reduced to the design of a controller whose 
characteristics tend to compensate for the undesirable 
characteristics. Starting point is open loop transfer 
function of the system: 
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For successful positioning, besides the simple P- 
controller also lead-lag or lag- lead controllers are 
suggested, to obtain higher closed loop control gain. The 
selection is based on natural frequency of hydraulic 
cylinder and load mass. In general if very “fast” servo 
valves are used (ωV>ωH) the lag-lead controller is more 
appropriate. On the other hand in raw industrial 
environment “slow” and robust proportional valves 
(ωV<ωH) are used. 
In last case well known PD controllers or lead-lag 
compensators compensate time lag of proportional valve 
making system time response faster. On the other hand, in 
case of faster servo valves, lag-lead compensators, ensure 
slower time response which is  less sensible to industrial 
disturbances. In both cases the closed control loop gain 
can be set higher and transient and steady state dynamic 
behavior is better. The transfer functions of both 
compensators have the same form but different 
parameters: 
 

 
Fig.4. Step response of Lead-lag and Lag-lead controller 
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Fig.5. Frequency responses of  P controller and  Lag-lead controller 
 

Lead – lag controller:    
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Figure 4 shows the step responses of both controllers. The 
improvement of dynamic behavior in case of  lead –lag 
controller is obvious. Therefore only the comparison of 
frequency responses of simple P-controller and Lag-lead 
controller is showed in figure 5. It can be seen that in case 
of Lag-lead controller the stability margin has increased. 
In both cases, due to larger closed control loop gain 
factor, the transient and steady state dynamic behavior of 
the control loop is improved. 
 
5. DESCRIPTION OF INDUSTRIAL 

PROGRAMMABLE LOGIC CONTROLLER 
 
The experiments have been performed on laboratory 
experimental electro hydraulic servo drive, using 
industrial programmable logic controller 

Programmable logic controllers (PLC) provide Boolean 
logic operations, and some models also continuous 
control. In our case the PLC controller produced by 
company Beckhoff were used. Beckhoff offers a scalable, 
modular control systems that provides suitable solutions 
for many tasks in term of computing capacity, complexity 
and costs. All controllers irrespective of their performance 
class are programmed in IEC 61131-3 via the TwinCAT 
automation software which is loaded on PC computer and 
connected with PLC controller during the programming 
phase (figure 6). Our work have focused on ability of 
PLC controller to provide continuous closed loop control 
feature. Besides the hardware connections, the 
programming of closed loop control run out in two steps. 
By the controller software called TwinCatManager, the 
structure of the controller is set up, first, using the 
standard elements from control software library, while the 
numerical values of the control parameters are set up in 
second step. Among programming languages  such as 
instruction list (IL), ladder diagram (LAD) etc., the 
sequential function chart (SFC) has been selected. More 
precisely by continuous function chart editor which 
allows to design feedback we  can create controllers using 
freely placeable elements (figure 7). 
 

  

Fig.6. PLC controller CX5020(left), connected with PC computer(right) during the programming phase.  
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Fig.7. Programing of the contollers by TwinCat System Manager 
 

 
Fig.8. Parametrization of lead- lag control elements in TwinCat System Manager 

 
 

 

 

 
 

Fig.9. Electro-hydraulic servo drive (servo-valve,big load)-left. Electroh-ydraulic servo drive (proportional-valve,small 
load)-right 

 
By parametrization of  lead-lag and lag-lead elements 
from programing library (figure 8.) the, earlier mentioned, 
controllers has been obtained. As we mentioned earlier 
with appropriate choice of parameters of the element from 
fig.8, we can create the lead-lag compensators to 
compensate time lag of proportional valve, making 
system time response faster. On the other hand, in case of 
faster servo valves, the lag-lead compensators, ensure 
slower time response which is  less sensible to industrial 

disturbances. In both cases the closed control loop gain 
can be set higher and transient and steady state dynamic 
behavior is better.  
The laboratory experiments have been performed on 
laboratory testing equipment.  
Figure 9 (left) shows the electro hydraulic servo drive 
(EHS) with servo valve and big load, while, figure 
9(right) shows the electrohydraulic servo drive with 
proportional valve and little load. 
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Fig.10. EHS drive – ramp response (proportional-valve, small load) 
 

 
 

Fig.11. EHS drive – ramp response (servo-valve,big load) 
 
6. CONCLUSION 
 
High-speed/high accuracy positioning is a key element in 
modern mechatronics systems such as computer 
controlled machine tools, metal-forming machines, 
manipulators, injection moulding plastic machines, 
assembly and transport devices, material testing devices, 
etc. In this paper a possibility to apply industrial PLC 
controller for realization of servo hydraulic drive 
positioning is represented. In our case the PLC controller 
produced by company Beckhoff were used. Beckhoff 
offers a scalable modular control systems that provides 
suitable solutions for many tasks in term of computing 
capacity, complexity and costs.  
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MACHINE VISION APPLICATION 

IN THE PACKAGING 
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Abstract: Every company producing any good wants a 
hundred percent, a set-to, control over their products 
during manufacturing.. The designer of machinery serv-
ing specific stage of production, can not anticipate all the 
nuances of the process, moreover, often simply lowers the 
cost of the machine apart to control certain operations 
performed automatically. In the case packer packs the 
product in the line of cosmetic products in tubes, in no 
way checked the presence of a leaflet inside the box. Thus, 
this creates situations where the flyer is at the place. 
 
Key words: machine vision, packaging 
 
 
1. INTRODUCTION 
 
The introduction of the automation has revolutionized the 
manufacturing in which complex operations have been 
broken down into simple step-by-step instruction that can 
be repeated by a machine. In such a mechanism, the need 
for the systematic assembly and inspection have been 
realized in different manufacturing processes. These tasks 
have been usually done by the human workers, but these 
types of deficiencies have made a machine vision system 
more attractive. Expectation from a visual system is to 
perform the following operations: the image acquisition 
and analysis, the recognition of certain features or objects 
within that image, and the exploitation and imposition of 
environmental constraints.  
Scene constraint is the first consideration for the machine 
vision system. The hardware for this sub-system consists 
of the light source for the active imaging, and required 
optical systems. Different lighting techniques such as the 
structured lighting can be used for such purpose. The 
process of vision system starts with the image acquiring 
in which representation of the image data, image sensing 
and digitization is accomplished. Image sensing is the 
next step in order to obtain a proper image from the illu-
minated scene. Digitization is the next process in which 
image capturing and image display are accomplished. The 

last step in this process is the image processing in which a 
more suitable image is prepared.  
Finally, author try to present some ideas about the devel-
opment of the new machine vision systems by suggesting 
new acquisition systems. In this respect, by the advent of 
the suitable laser light sources, design of a 3-D camera 
vision system based on the laser scanning method has 
been an interesting issue. 
The aim of this study was to design an automatic position 
control of the presence of leaflets in a wrapper. Basic 
assumption is employed to this task was the vision sys-
tem.  
 
2. THE COMPONENTS OF MACHINE  

VISION SYSTEM 
 
A typical machine vision system consists of several com-
ponents of the following (fig. 1): 

 one or more digital or analog camera (black and white 
or color) with optical lenses, 

 interface the camera to digitize the image (the so-
called framegrabber), 

 processor (this is usually PC or embedded processor 
such as DSP), 

 (In some cases, all the elements listed above are in-
cluded in the one device, the so-called smart cameras). 

 device I/O (input/output), or communication links (eg. 
RS-232) used to report the results of system, 

 lens for taking close-ups, 
 adapted to the system, specialized light source (such 
as LEDs, fluorescent lamps, halogen lamps, etc.), 

 software to the imaging and detection of features in 
common image, 

 sync-sensor to detect objects (this is usually an optical 
or magnetic sensor), which gives the signal for the 
sampling and processing of image, 

 the regulations to remove or reject products with de-
fects. 

 

 
 

Fig.1. A typical vision system operation [1] 
 
 
3. APPLICATION OF MACHINE VISION 
 
Figure 2 shows the simplest arrangement of the machine 
vision measuring olive oil bottles on production lines. 
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Fig.8. Test stand view 
 

6. RESULTS 
 

The critical point of the whole process of checking the 
presence of the leaflet is the time criterion. The produc-
tion line is capable of producing up to 140 pieces per 
minute this. After the conversion time for a single product 
of about 0.43 seconds to give time for image acquisition, 
processing, execution of all procedures for the detection 
of features and make a decision. 
Environment Vision Builder AI has a tool called the Per-
formance Meter, allowing to test the performance of in-
spection, measuring the time for a set number of cycles. 
During this process, such as the program gathers data on 
minimum, maximum and average duration of each step of 
the algorithm. 
To ensure that the designed algorithm is too complicated 
and the process will not last too long, the analysis was 
performed using the aforementioned tools Performance 
Meter. 
Total time taken to process 100 images was 18.80 s - this 
gives an average 5.32 pieces per second (319.2 per min-
ute) of which flows the conclusion that the algorithm can 
be successfully used in the consideration of applications. 
The most aggravating computer processor comparison 
procedure is the word "Eucerin" to learn pattern. Process-
ing time geometric matching the same operation (Geo-
metric Matching - an average of 23.16 ms) clearly stands 
out from other operations to detect features. Similarly - 
procedure leaflet Search edges of the paper. In this case, 
just look for the edge of the ten stages does not consume 
so much time (an average of 4.26 ms) as geometric 
matching, but to effectively detect the edge you need 
advanced image processing the average execution time is 
13.01 ms (the largest of all the others). 
Optimal procedures, in terms of the complexity of the 
calculations, there are procedures for sealing and tag 
search and counting bright pixels. The average processing 
time is very comparable to them and does not exceed 
10.18 ms. 
Other times shown in the table relate to a decision (Set 
Inspection Status) and display the image in the interface 
inspections (Display). They are small and average their 
values even when added, do not exceed 1 ms. 

7. SUMMARY 
 

Tests conducted on the test bench simulating real indus-
trial conditions, showed a very high, almost a hundred per 
cent, the efficiency of detection in the package leaflet for 
the product. Thus, the vision system built was approved 
by those responsible for business development. The au-
thor has received the recommendation to continue work-
ing on new systems and integrating it with the packaging 
machine and industrial networks. 
Full implementation of the vision system to check the 
presence of the leaflet in the package should cover the 
whole range of products in the packaging machine. In this 
work focuses on only one of them. To ensure the ability to 
control other devices, you must add a separate image 
processing algorithms and checking features. This is due 
to the obvious differences between the products. The 
differences concern the size (format) cartons, tubes and 
leaflets, and thus how to lay the tubes and leaflets inside 
the packaging (for example, larger tubes set at an angle 
after putting in boxes). 
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Abstract: In the systems for transport material in ports, 
belt conveyors have the important role. Controls of the 
basic parameters (speed, capacity,...) and elements 
condition are necessary for increase work reliability of 
the belt conveyors. In this goal, there is a requirement to 
apply certain safety and control devices with proper 
monitoring. In this paper we will represent basic safety 
and control components of the belt conveyors (speed 
switches, belt alignment sensors, bearing temperature 
sensors, inductive sensors, conveyor safety stop switch, 
belt scales, ...) their main characteristics and 
applications.  
 
Key words: work controls, monitoring, sensors, belt 
conveyor 
 
 
1. INTRODUCTION 
 
Belt conveyors play an important role in the industry. 
They are used to transport different material from one 
process to another, and they are used in conjunction with 
various transportation and machine equipment. The role 
of belt conveyors is often overlooked, as they are 
normally a piece of equipment that never makes too much 
trouble and runs for a long time before breaking down. 
Design of belt conveyors has improved over the years and 
now belt conveyors are an inevitable part of modern 
industry. [1] 
During the second half of the 20th century, belt conveyors 
became a common means of transport, and their design 
was constantly improved. Very long belt conveyors are 
today used in ports to transport different materials. [4] 
Monitoring moving devices for dangerous conditions is 
the most important factor to prevent damage. Many 
different controls and safety devices can be found in belt 
conveyors, fig. 1. In this paper, different controls and 
safety devices will be briefly described. 

 

 
 

Fig.1. Belt conveyor with a controls and safety devices: 
bearing temperature sensors (1), belt alignment sensors 

(2), speed switch (3), conveyor safety stop switch (4)  
 
2. BELT ALIGNMENT SENSORS 
 
Conveyor belt alignment switch protects conveyor belts 
from damage due to belt misalignment or runoff. 
The touch switch is an electro-mechanical limit switch  
sensor with no moving parts, fig. 2. It is designed to 
detect belt tracking and misalignment of both pulleys and 
belts on belt conveyors and bucket elevators. The sensor 
detects the lateral force of the belt or pulley and activates 
an alarm or shutdown the machine. The sensors are 
usually installed in pairs on opposite sides of the belt or 
pulley. 

 

 
 

Fig.2. Touchs swich sensors 
 
The sensor are always used in pairs with one placed on 
each side of the conveyor belt, usually near the head end 
of the conveyor, fig. 3. The sensor may also be placed at 
the tail pulley and at selected points along the belt 
conveyor. 

 

 
 

Fig.3. Sensors mounting points along the belt conveyor 
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Belt sway switch is an electro-mechanical system to 
detect the misalignment of the belts on belt conveyors, 
fig. 4. Two outputs are given at 15 and 30 degrees which 
can be used as alarm and stop signals. The first signal 
point could indicate small belt deviation on belt conveyor 
by sounding an alarm. The second signal point could 
guard against extreme belt runoff by shutting down the 
belt conveyor. 
 

 

 
Fig.4. Belt sway switch 

 
The sensors are usually installed in pairs, one on either 
side of the belt, preferably at about every 30 meters, and 
near the edge of the conveyor belt, fig. 5. A small 
clearance is allowed between sway sensors and belt edge 
to allow the normal running. When swaying exceeds 
normal limit, the belt edge pushes and activate sensors, 
which drives the belt sway switch. The belt sway switch 
resets automatically when the belt resumes normal 
positions. 
 

 
 

Fig.5. Activate of sway switch 
 
3. SPEED SWITCHES  
 
Monitoring rotating machinery, as pulleys and rollers of 
belt conveyor, for dangerous underspeed conditions is 
necessary. An inductive sensing device located in the 
nose of the enclosure will detect a metal target. Speed 
switches provide alarm and shutdown signals underspeed 
and stopped motion. 
The speed switch is calibrated to the machine’s normal 
rotation. If the shaft speed falls by 10%, the sensors will 
alarm, and by 20% it will shut down the machine. 
The rotech encoder is a safe speed switch for protecting 
against dangerous underspeed and belt slip conditions, 
fig. 6. With its tough aluminium or polyester construction, 
the rotech is used in the most severe industrial 
environments. It requires no guards as rotating 
components are encased inside the aluminium encoder. 
And since the encoder is bolted to and moves with the 
shaft, it needs no brackets. 
Under speed zero switch is specially developed for 
conveyor application. Detects conveyor overload, bearing 

damage and provide relay contacts for interlocking. The 
sensor is to be mounted in front of tail end pulley. Fix 
required number of objects on the pulley and these objects 
are sensed by sensor.  

 

 
 

Fig.6. Rotech speed switch  
 
The stop switch is a straight forward shaft speed device, 
fig. 7. If the shaft stops rotating, the stop switch will 
provide an output. It requires no calibration to operate and 
is a great tool for process control, motion verification and 
stopped shaft indication. 
 

 
 

Fig.7. Stop switch sensors 
 
The slip switch is a simple shaft speed monitoring device. 
The slip switch is provides a 20% underspeed output to 
protect against dangerous belt slip and underspeed 
conditions. 
 
4. INDUCTIVE SENSORS 
 
Inductive sensor used to signal the position of equipment 
in belt conveyors, elevators and other mechanical 
assemblies. Also used as a pulse generator for speed 
detection. 
Inductive sensors are designed to detect shaft speed, shaft 
position, gate position, or object presence. No contact is 
made between the sensor and the target being monitored. 
Sensors will detect a ferrous object at 13 mm, and a 
nonferrous metal object at a distance of 8 mm. 
 
5. BEARING TEMPERATURE SENSORS 
 
Bearing temperature is a key indicator of bearing health. 
Temperature sensors can be used to monitor temperature 
on a wide range of industrial machinery including 
conveyors, bucket elevators, motors, gearboxes, … 
The bearing temperature sensors designed to screw 
directly into an existing grease zerk fitting on a bearing 
housing, fig. 8. Each sensor is fitted with a grease nipple 
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NEW CONSIDERATIONS REGARDING 
CALCULUS AND TIGHTENING OF THE 

BOLTS FROM THE PIPES FLANGES 
UNDER PRESSURE AND TEMPERATURE 

 
Constantin ONESCU 

Nicolae POPA 
 
 
Abstract: The case of the assembly between pipes where 
acts the fluid under pressure, which are working at high 
temperatures is a specific way of application of the initial 
tightening theory. Next, using a calculus model, where it 
taken into account variation of bolt and assembly stiffness 
with temperature, it determinates the initial tightening 
force for mounting. Using the tightening strategies it 
increases the reliability of the screw assembly. 
 
Key words: tightening force, bolt stiffness, temperature, 
flanges assembly, tightening strategies. 
 
 
1. INTRODUCTION 
 
The screws assembly with preloaded force is typically 
used in the machine construction industry, from the high 
pressure tank cover, to the pressure pipes flanges and 
fastening of connecting rod cover, etc. 
This type of assembly is characterized by an initial force 
F0, called tightening force which acts on the screw and 
assembled elements, before acting the exterior force 
(working force). 
The main problem consists to find the total force which 
acts on the assembly screw, respectively the tightening 
force, supplementary force on the screw (a percent of 
working force) and force which acts on the fastened 
pieces.  
In the case when the screw and fastened pieces work at 
different temperatures as fig.1 shows, the tightening force 
is modified.  
To see the influence of this parameter on exemplifies the 
calculus for a two flange assembly from Dn200 flange 
which works in following conditions [2]: 

 maximum operating pressure 20 bar (2 MPa) 
 maximum operating temperature 300 degree Celsius 
 temperature difference between flange and screws is: 
during preheating 300 C and stationary state 100 C . 

 
 

Fig.1. The flanges joint under pressure and temperature 
conditions. 

 
2. TEMPERATURE INFLUENCE ON THE 

MATERIAL PROPERTIES 
 
D.T.U. proposes the relation for the variation of steel 
Young’s modulus in the elastic range and is considered 
only up to 600 degree Celsius [1]: 
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where E(T) is Young’s modulus at temperature and E(20) 
at 20 degree Celsius. 
 

 
Fig.2. Dependence of Young modulus versus  

temperature [1]. 
 

On calculates the assembly elements stiffness with the 
following relations: 
 
a) Bolts: 
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b) Flanges: 
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c) Gasket rigidity: 

G

m
GG h

BDTETc 0)()( ⋅
=

π  (4) 

 

The variation of steel elastic limit is described by the 
following relations [1]: 
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3. STRENGTH CALCULUS OF FLANGES 

ASSEMBLY 
 

On considers the assembly from figure 3, where is known: 
 flange material: OLC25 forged, STAS 1097/2-91; 
 bolt material: OLC45 AS, STAS 11290-89; 
 gasket material: marsit unit (MU275-500); 
 screw dimensions M27 (d1 = 23,75), ns = 12. 

The MU gasket has the contact pressure 
2/26 mmNpac =  and the growing factor m = 2,75 for 

the surface pressure. 
The strength calculus of the flanges assembly is made by 
the following steps: 
a) Gasket calculus dimensions are: 

41
2

203285
20 =

−
=

−
= ie DDB mm (6) 

b) Reference width: 

5,20
2

0
0 ==

Bb mm    (7) 

The calculus width becomes: 
31,1179,0 0 == bb mm 

c) Gasket calculus diameter: 
238,26131,125,283 =⋅−=D mm  (8) 

 
a) 

 
b) 

Fig.3. The DN 200 flanges joint dimensions [4] 

d) The assembly acting force value: 
 The necessary force for gasket raising 

NbpDF acq 24239126132,1238,263 =⋅⋅⋅== ππ  
 The applied compression force on the efficacy 
calculus area of the seal surface: 

NpmbDF ccr 1025502 3 =⋅⋅= π  
 The total application force of the pressure on the area 
given by the diameter D3: 

NpDF 1081402238,26
44

22
3 =⋅⋅=⋅⋅=

ππ
 

e) The necessary bolt area calculus: 
For the OLC45AS steel it determines the admissible 
strengths at the 20 Celsius degree and 300 Celsius degree 
temperatures.  
 

17,152
3,2

35020
0220 ===
c

R
aσ MPa (9) 
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aσ MPa  

The pipe assembly flanges necessary area is: 
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On adopts: 
22 4,53031295,4413,1938 mmAmmA boltnec =⋅=<=  

 
4. THE TIGHTENING FORCE CALCULUS  
 
The Young elasticity modulus for the bolt and flanges is 
given below: 

MPaE 5
20 101,2 ⋅=  and MPaE 5

300 109,1 ⋅=  
On calculates the assembly elements stiffness with the 
following relations [4]: 

a) Bolts: 

4

2
11 d
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l
EAc

ss

s
s

π
==     (11)  

The value at the 20 Celsius degree temperature: 

5
2

520 1029,13
704
75,23101,2 ⋅=
⋅

⋅= πsc N/mm 

The value at the 300 Celsius degree temperature: 

5
2

5300 10024,12
704
75,23109,1 ⋅=
⋅

⋅= πsc N/mm 

b) Flanges: 

F
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where [ ] 22
0

2 6,5421)(
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mmdtglSA FF =−+= γπ
 

and ;45;34;542722 o===⋅=≅ γmmlmmdS F  

mmd 290 = . 
It results: 

520 1086,334 ⋅=Fc  N/mm and   
5300 1097,302 ⋅=Fc  N/mm 



 

 193

 
Fig.4. The elastic model of the screw bolt. 

 
On considering the assembly rigidity as elements are 
serially mounted and on obtains the relation: 
 

Fs

SF

cc

c 21
1

+
=   (13) 

 

It results: 
520 1031,12 ⋅=SFc  N/mm; 5300 1014,11 ⋅=SFc  N/mm. 

 
c) Gasket rigidity: 
   

G

m
GG h

BDEc 0⋅
=

π   (14) 

 

where: 244
2

203285
2

=
+

=
+

= ie
m

DDD mm and  

410 =B mm; 2=gh mm. 
It results: 
 

520 1057,188
2

4124414,31200 ⋅=
⋅⋅

=Gc  N/mm 

5300 1071,345
2

4124414,32200 ⋅=
⋅⋅

=Gc  N/mm 

d) The minimum tightening force at the 300 Celsius 
degree temperature: 

 

210690102550108140 =+=+= GS FFF , N (15) 
 

e) The maximum force at the 300 Celsius degree 
temperature: 

58,5764797,1084,5303300
max =⋅=⋅= asefS AF σ N 

  (16) 
Experimentally, on demonstrated that the initial 
tightening with a force around minSF  lead to unsealing 
over the time. It’s recommended that the initial tightening 
force to be closed to maximum force. This thing is true at 
the 20 degree temperature and also, when the difference 
between bolt and flanges is 30 degree Celsius.  
From previous calculus, in the case of pressure force 
acting with 108140 N (F), in this case within the assembly 
acts 576479,58 N ( maxSF ) as total force. 
The exterior force (pressure force) preloaded by the bolt-
flange system is: 

32,281/
300300

300

300300

300
1 =

+
⋅

=
+
⋅

=∆
GSF

SFs

GSF

SF

cc
cnF

cc
cFF N (17) 

 

The difference between maximum force and the dilatation 
force is: 
 

64,4775832,281
12

58,576479
0 =−=tF N (18) 

 

The bolt dilatation is given as: 
 

36 1056,283070106,13 −− ⋅=⋅⋅⋅=∆lT ,mm (19) 
 

This difference leads into the seal to act the following 
force: 
 
 

84,31815300 =∆⋅= lTSF
t

G cF N (20) 
 

From the force tF0 on decrease the force given by the 
dilatation difference calculated above: 
 

1594284,3181564,47758'
0 =−=tF N (21) 

 

This force gives to the seal system the following 
deformations: 

2
5300

'
0300 1043,1
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8,15942 −⋅=

⋅
==∆

SF

t

lSF c
F mm 

3
5300

'
0300 1046,0
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G

t

lG c
F mm 

The total deformations sum is: 
2300300300 10476,1 −⋅=∆+∆=∆ lGlSFl mm 

Finally on compute the initial tightening force at 20 
degree Celsius from the following relation: 
 

17056

57,188
1

31,12
1

10476,1
11

3

2020

300

0 =
+

⋅
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−
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The tightening torque can be computed with the 
simplified relation [5]:  
 

922,0 00 =⋅⋅= dFM Nm  (22) 
 

F0 
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Fig.5. The preloaded diagram for screw assembly 

operating at high temperature. 
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5. TIGHTENING STRATEGIES 
 
Using tightening strategies it sets the parameters which 
have to control/monitor the screw assembly within 
different situations [6].     
By choosing the different tightening strategies on assures: 

 Increasing screw assembly reliability 
 The ergonomic work for the operator  
 Decreasing the flanges joint mounting time  

One stage strategy – fig.6.- Basis strategy, constant tool 
speed, without stop. When the final tightening torque is 
reached the tool is stopping.  
 

 
Fig.6. One stage strategy. 

 
Ergoramp –Fig.7- is a Two Stage where the time for the 
second step is kept constant and the speed in the second 
step is automatically set due to the Ergoramp value and 
the stiffness of the joint [7]. 
This has the ergonomic benefit to make all joints feel the 
same for the operator despite variations in joint hardness 
and is ideal for applications where soft and hard joints are 
mixed. 
With the Ergo Ramp strategy the tool will first perform 
the first step and then make a complete stop during 50 ms 
to let the joint relax, thereafter the second step is 
performed. When the Ergo Ramp is programmed the 
Drive sets a time during which the second step shall be 
performed. When the tool is running, the speed in the 
second step is calculated during the actual tightening, 
making the time to complete the second step the same 
regardless of joint hardness [7]. This means that the speed 
in the second step varies from joint to joint.  

 

 
Fig.7. Ergoramp strategy 

This is a very comfortable strategy for the operator and is 
perfect when the joint characteristics vary. ErgoRamp will 
always give you the same reaction force, no matter the 
joint hardness. 
 
6. CONCLUSION 
 
The calculus of preloaded force of the screw assembly 
which works within the pressure and temperature 
conditions shows that preloaded force depends by the 
material characteristics behavior versus temperature. This 
calculation can predict the tightening torque according to 
flanges joint operating temperature. 
The benefits of smart tightening include flexibility, a 
clean environment and reducing operating costs.  
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THE CALCULATION OF FLANGE JOINT 
WITH LENTICULAR GASKET FOR THE 

PIPELINES UNDER PRESSURE 
 

Nicolae POPA 
Constantin ONESCU 

Sorin COLTAN 
 
 
Abstract: The practice shows in most of the cases, that the 
tightening of the nut is necessary, so in the screw appears 
a force F0, called the force of initial tightening, before the 
application of the exterior force which should solicit the 
assemblage. 
The case of the coupling from the pipes under pressure, 
coupling which are working at high temperatures is a 
specific way of application of the initial tightening theory. 
Next, using a calculus model, we are going to determinate 
the initial tightening force, which appears in screws, for a 
concrete case. 
 
Key words: flange, tightening, pressure, temperature 
 
 
1. INTRODUCTION 
 
The calculation of flange joint for the pipeline under 
pressure takes into consideration its components: flanges, 
the gasket and the bolts. This calculation needs to 
consider the gasket deformation, which takes place as a 
following of the flanged surfaces, as much as its 
behaviour during the exploitation.  
The lenticular gaskets are used in the pressure range Pn 
64 to Pn 400 and for a diameter from Dn 10 to Dn 300. 
They are made from quality carbon (OLC10, OLC20) and 
from medium alloyed steel, such as 14MoCr10, 
10CrMo22, 10MoCr50, in annealed state with maximum 
hardness of 120HB. 
 

Table 1. Lenticular gasket dimensions 
 

Geometrical 
elements Values 

Dn 10      15      20        25       32        40 
d1 
d2

• 

d3 
Rsf 

19      25      31        37       45        53 
10      15      20        25       32        40 
14,5  19,5    25       30,5     38        46 
21     28,5   36,5      45      55,5      66 

 the level ranges according with the inner diameter of 
the pipeline  

According with STAS 8029, the lenticular gaskets have 
the following values, diven in table 1. The geometrical 
elements are shown in figure 1.  

 

 
Fig.1. The gasket geometrical parameters 

 
The flanges with neck Pn 250 (STAS 8033) have data for 
Dn 10 ..... Dn 40 the following dimensions for pipelines 
and studs, according with table 2:  

 
Table 2. Flanges dimensions 
 

Element Value 
Dn 
dxs 
nxM 
d1 

  10           15         20         25          32         40 
 14x3       20x3     25x4    34x4,5    38x5     48x5 
4xM16  4xM16  4xM16  4xM20  4xM20  4xM24  
   21          12         12         15           15         18  

 
We have to mention that the thickness s is minimum and 
d1e   represents the elastic stud rod diameter. According 
with STAS 2250, for a forged flange made of OLC20 at 
Pn 250, the working maximum pressure values at 
different temperatures are:  

 
T [0C]         120     200    250    300    350    400 
P [bari]       250     200    175    150    140    125 
 
2. CALCULATION METHODS 
 
In the present, there are two rules that control the 
calculation of the mechanical seals forces at the flanges 
joint: 

 The norm ASME VII, taken by most of the countries 
and the european standard EN 13445 – 3 and used by 
ISO 7005 – 1; 

 AD Merkblatt B7, with limited application only in 
Germany and taken by ISO 7005 – 1 only up to Pn 40. 

The ASME VII norm is used because of its wide coverage 
and its greates values of the flange pan thickness  
The AD Merkblatt norm was used for the flanges 
calculation from Pn 6 to Pn 250 (routinely used until 
2009) including in Romania for standard flanges.  
The calculation of the flanges joint meets the following 
conditions: 

 Binding conditions, which describes the loads that 
appear in the joint elements  (bolts, gaskets and 
flanges) when binding the bolts at mounting, in order 
to reach the specific pressure of gasket clamping; 



 

 196 

 Exploitation conditions, that define the loads that 
appear in the binding elements, during the 
exploitation, due to the pressure and the temperature; 

 The mechanical seal area is the one in which there is a 
simultaneous contact of the gasket on both sides with 
sealing surfaces, it is bounded on the diameter Dec and 
dic and its width is B. We take into calculation an 
efficient width, b, smaller thant B. 

 
3. JOINING FORCES WITH A LENTICULAR 

GASKET 
 
Figure 2 shows the diagram of the forces that act in 
lenticular gasket joint. 

go

ho

Ø B

go

Ø G

hG

hT

Ho

HG HT

Ø A

Ø C

Ø G

 
Fig.2. The forces acting on gasket. 

 
In order to highlight the use of a calculation method, 

we will present at the beginning the calculation relations, 
followed by a calculation exemple.  

 
3.1. ASME VII (EN 13445-3) method 

 
a. The pressure force applied to the aria determined of 

diameter G  
 

pGH 2

4
π

=  (1) 

 

where G is the diameter at which the gasket reaction is 
applied, and p is the working pressure  
 
b. The compressing force applied on the gasket  
 

GbmpH p ⋅= π2  (2) 
 

where b is the efficient width of the gasket, m is a specific 
coeficient of the gasket 
 
c. The minimum force of binding  
 

bGyWA π=  (3) 

where y is the specific pressure of the gasket binding. 
For the lenticular gasket 
 

8
Wb =  (4) 

 

where 
 

( )iddW −= 15,0  (5) 
  
3.2. The AD Merkblatt B7 norm 
 

The force which acts on the exploitation studs is defined 
by the relation:  
 

DBFBRBSB FFFF ++=  (6) 
 

where: 
FRB – the pressure force applied to the inner diameter of 
the gasket 
 

pdF iRB
2

4
π

=  (7) 
 

FFB – the force applied between medium diameter and the 
inner diameter of the gasket 
 

( )pddF iDFB −=
4
π  (8) 

 

FDB – the compression force applied on the gasket 
 

pksdF DDDB 1π=  (9) 
 

The pre-binding force of the studs is found in the relation:  
 

DDDV kkdF 0π=  (10) 
 

In the upper relations the following notations are made:  
di – the inner diameter; 
dD – the medium diameter of the gasket; 
sD – the amplification factor, sD = 1,2; 
k1, k0 – the gasket coefficients; 
kD – the specific pressure of the gaket, depending of the 
material 
According to table 1, for the lenticular gasket for gases,  
k1 = 6 mm; k0  =2 mm. 
 
3.3. The utilised method  

 

a. The pressure force applied at the calculation diameter 
level 

pdP c
2

1 4
π

=  (11) 
 

b. The compression force of the gasket 
 

( )
ϕ
ϕασπ

cos
sin

022
+

= t
cndP  (12) 

 

c. The total force 
 

21 PPP +=  (13) 
 

d. The minimum pre-binding force  
 

020 2,1 σπ ⋅≥ ndP D  (14) 
 

For:  dc < 20, n = 1,00 mm 
 dc < 50, n = 1,30 mm 
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4. CASE STUDY 
 
4.1. Case 1 
 

We consider the working pressure p = 20 MPa, at Dn 10 
having the dimensions shown in table  2 and di = 8 mm. 
 

4.1.1. The ASME VII Method 
We consider: 
m = 5,5 (Appendix H); 
y = 124 MPa (Appendix H) 
dc = G = 14,5 mm; 

( ) mmW 25,385,145,0 =−= ; 

406,08 ==Wb mm. 

The forces that acts in the joint:  
The pressure force applied to G diameter:  

NH 6,3302205,14
4

2 =⋅⋅=
π  

The compression force applied to the gasket:  

NH p 8,4068205,5406,05,142 =⋅⋅⋅⋅= π  

The total force, arised from the pressure to diameter G 
and from the gasket compression is: 

NHHW pp 4,73710 =+=  

The minimum pre-binding force is: 

NWA 3,22931245,14406,0 =⋅⋅⋅= π  

We consider alloyed steel studs 42CrMo4, having the 
following characteristics:   

2
20
02 590

0

mm
NR C = ; 2

200
02 540

0

mm
NR C = . 

The allowable strenghts, adopting a safety coefficient, 

c=3, are 2
20 67,196

3
5900

mm
NC

at ==σ ; 

2
200 180

0

mm
NC

at =σ . 

The section that is dedicated to the tigheting studs is given 
by the relation:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 20

0
min ;max

at

A
t
at

p
B

WW
A

σσ
, so we have: 

( )66,11;6,22max
67,196

3,2293;
180

8,4068maxmin =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=BA  

It results that the studs section must be AB = 22,6 mm2. 
The total area of the four studs must comply with the 
relation:  

minBBef AA 〉 . 
The four studs with diameter d=12 mm have the total 
area:  

BBef AmmA 〉=⋅⋅= 22 39,45212
4

4 π  
 

4.1.2. The AD Merkblatt B7 Method 

NFF FBRB 6,3302205,14
4

2 =⋅⋅=+
π  

NFDB 6,65592062,15,14 =⋅⋅⋅⋅= π  

NFSB 2,98626,65596,3302 =+=  

NFDV 8,3518540025,14 =⋅⋅⋅= π  

The stud diameter is given by the relation:  

mm
kn
Fzd SB 95,2

4540
2,986238,1 =
⋅

==  

mmdk 95,5395,2 =+=  

or 

mm
nk

Fzd DV
k 33,5

4590
8,3518538,1

20

=
⋅

=
⋅

=  

We assume: 

mmdmmdk 1295,5 1 =〈= , the assumed stud diameter. 
 

4.1.3. The M. Renert Method 

NP 6,3302205,14
4

2
1 =⋅⋅=

π  

( ) NP 2,8871
14cos

1470sin190115,142 =
+

⋅⋅⋅⋅= π  

where 

25,015,0 ⋅⋅⋅== µϕtg , deci 014≅ϕ  

For OLC 20, 202 230
mm

NR = ; 202 190
mm

NRt =  

NPP 8,1217321 =+  

NP 8,157152305,115,140 =⋅⋅⋅⋅〉π  

The necessary area:  

( )9,79;63,67max
67,196

8,15715;
180

8,12173max =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=SnecA  

Checking:  
22 39,4529,79 mmAmmA SefSnec =〈=  

 
4.2. Case study for other joints  
 

Calculations are made at pressure MPap 20=  for 
diameters Dn 15, 20, 25, 32, and 40, shown in table 1. 
These calculations have the results tables 3 and 4 are 
shown:  
 
Table 3. Results 
 

Dn 15 20 25 32 40 
m 5,5 
y 124 MPa 
G 19,5 25 30,5 38 46 
W 5,5 7 6 8,5 7,5 
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Table 4. Results obtained by different methods 
 

 

 
5. CONCLUSION 
 
The analysis of results from Table 4 shows significant 
differences between the forces that determine the sizes of 
the gasket tightening elements.  
The last method gives results covering the other methods.  
The user experience is the one to choose the method with 
good results  
 
 

REFERENCES 
 
[1] Ancaş, A.D.; Gorbănescu, D. (2006). Theoretical 

models in the study of temperature effect on steel 
mechanical properties, Technical University Iaşi, 
Building series, Tome LII (LVI), 1-2, Iaşi. 

[2] Popa N., The calculus of flanges joints, Machine 
building, vol.51, no.4, 1999, Iaşi. 

[3] Onescu, C.; Popa, N. (2009) Considerations 
regarding the preload force from threaded fasteners, 
The 3rd International Conference ADEMS’09, 24-25 
September, Cluj Napoca.  

[4] Gafiţanu, M. (1981) Machine elements, Part 1, 
Technical Press, Bucharest. 

[5] DIN 2505-1 The calculation of flanges joints.   
[6] *** Tensor DS and Tensor DL Drive. (2003), A 

guide to using, Atlas Copco Tools and Assembly 
SystemsAB. 

[7] *** ASME VIII (EN 13445-3:2002 (F), Version 
(2002-05)). 

[8] *** AD Merkblatt B7 (1986). Edition June. 
[9] Renert, M. (1985) Calculus and construction of 

petrochemical tools, Technical Publishing House, 
Bucarest. 

 
 
 
 
 
 
 
 
 
 
 

CORRESPONDENCE 
 

 

Nicolae POPA, Prof. PhD. Eng. 
University of Piteşti 
Faculty of Mechanics and Technology  
Târgu din Vale 1 
110040 Piteşti, Romania 
npopa49@yahoo.com 

 

 

Constantin ONESCU, Lecturer. PhD. Eng. 
University of Piteşti 
Faculty of Mechanics and Technology  
Târgu din Vale 1 
110040 Piteşti, Romania 
constantin.onescu@upit.ro 

 
Sorin COLTAN, Maintenance Eng. 
PETROM SA Refinery  
Ploieşti, Romania 

 

ASME VII AD Merkblatt B7 CCUT –M. Renert 

No. Dn W0p W FSB 
p

SB

W
F

0

 FDV 
W
FDV  P1+P2 

pW
PP

0

21 +
 P0 

1 10 7371 46708 9862 1,34 35186 0,75 12174 1,65 >15715 
2 15 15239 52811 14795 0,97 49009 0,93 17903 1,175 >21135 
3 20 24936 58108 21127 0,85 62832 1,08 29701 1,19 >35225 
4 25 30421 86129 28410 0,94 76655 0,89 38870 1,28 >42974 
5 32 50588 97145 39871 0,79 95504 0,98 52905 1,045 >53542 
6 40 63044 134534 54048 0,86 115611 0,86 69824 1,107 64814 
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A COMPARATIVE APPROACH TO THE 

LOAD DETERMINATION OF IC ENGINE 
MAIN BEARINGS 

 
Nebojša NIKOLIĆ 
Tripo TOROVIĆ 
Života ANTONIĆ 

Jovan DORIĆ 
 
 
Abstract: Polar load diagrams of IC engine main 
bearings are mostly obtained using so called statically 
determinate methods that are simple, but considered to 
give good results. However, in these methods, each main 
bearing is affected only by the forces from the adjacent 
crank throw(s). But, each main bearing is affected by the 
forces originating from all the crank throws, since there 
are clearances between the main journals and their 
bearings. This is taken into account in so called statically 
indeterminate methods that consider a crankshaft as a 
whole and certainly give more accurate results. The 
authors have developed a procedure based on statically 
indeterminate methods and created the appropriate 
computer programs to facilitate its implementation. The 
essence of the procedure developed, as well as the results 
of its application through an example, has been shown in 
the paper. The polar load diagrams obtained by a 
statically determinate procedure have also been shown on 
the same example and compared to the ones obtained by 
the procedure developed. 
 
Key words: polar load diagram, crankshaft, main 
bearing, IC engine 
 
 
1. INTRODUCTION 
 
Load characteristics of crankshaft main bearings are of 
paramount importance for design of the bearings 
themselves and the engine block as well. According to the 
level of this load, one can optimize dimensions of the 
bearings and also determine stiffness of the engine 
crankshaft and the block. In addition, the main source of 
vibration in the engine is the crankshaft bearing load that 
changes rapidly during the engine operation. Hence, there 
are many reasons for crankshaft bearings load to be 
determined. Since high load acting on the main bearings 
shortens the lifetime of aforementioned engine parts and 

lowers reliability of the entire engine, it is necessary to 
reduce the magnitudes of bearing forces as much as 
possible. In that sense, the best effects are achieved by 
mounting counterweights on the crank throws. In order to 
find optimal configuration of counterweights for a 
crankshaft, it is necessary to construct polar load 
diagrams of all the main bearings of the crankshaft. The 
polar load diagram is, in fact, a vector diagram of forces 
transmitting from a journal to its bearing during one 
engine cycle. 
There are several ways to determine a crankshaft main 
bearings load. Some of them are based on statically 
determinate methods (SDM) [1,2] and the others on 
statically indeterminate methods (SIM) [3,4]. The former 
are simpler and give acceptable results, while the latter 
are more complicated and, as expected, more accurate. 
The authors have developed a SIM based procedure to 
analytically obtain polar load diagrams of a crankshaft 
main bearings. The essence of the procedure developed 
and of an SDM based procedure as well are given in the 
paper. The SIM based procedure is given in more details 
while the SDM based procedure is given only through the 
differences with respect to the SIM based procedure. Both 
procedures are applied to a four-cylinder in-line IC engine 
and the results obtained have been presented. 
 
2. PROCEDURES FOR OBTAINING POLAR 

LOAD DIAGRAMS OF MAIN BEARINGS 
 
What the two aforementioned procedures have in 
common is that engine load is determined at rated regime, 
although it could also be determined for any other 
operating regime of the engine. Gas forces and inertia 
forces of crank gear elements are dominant ones and are 
taken into account in determining a main bearing load 
[5,6,7]. In both procedures these forces are determined in 
the same way, which will not be presented here. 
What differs the procedures considered from each other is 
how the forces, originating from each cylinder, are 
distributed over the crankshaft main bearings. 
The SDM procedure does not take into account existance 
of clearances between the main bearings and their 
journals. According to this procedure, each bearing is 
affected by the forces from the adjacent crank throws 
only. In other words, it is assumed here that the force 
originating from a crank throw is equally distributed to 
the bearings supporting that crank throw (Fig. 1a). 
 

 
 

Fig.1. Basic difference between SDM and SIM 
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However, due to the clearances in the main bearings, each 
of them is affected by the forces originating from all the 
crank throws and not only from the adjacent ones. This is 
the main assumption upon which is the SIM based 
procedure built. The procedure has been developed by the 
authors earlier and only its essence is shown here. The 
more details can be found in reference [8]. 
 

2.1. The SIM based procedure 
 

Since all the crank throw forces affect all the main 
bearings, it is necessary to express the influences 
quantitatively. In order to determine the influence 
coefficients, a crankshaft is considered as a statically 
indeterminate continuous beam of constant cross-section 
(Fig 2.). 
 

 
 

Fig.2. Crankshaft as a statically indeterminate continuous 
beam 

 
If a crankshaft has )1( +n  main bearings and n  crank 
throws, the counterpart beam will have )1( +n  supports 
and n  spans between them accordingly. Supposing that a 
point force of the magnitude 1 (unit point force) is applied 
vertically in the middle of the beam span i , the support 
reactions represent the influence coefficients required. 
Taking into account that a beam has n  spans and )1( +n  
supports, it is clear that )1( +⋅ nn  influence coefficients 
should be calculated. The calculation is performed using 
Clapeyron’s equation (the three-moment equation). 
A continuous beam is transformed into the system of n  
simple beams by the intersection method (Fig. 3). 
Influences of the removed parts of the original beam are 
compensated here by couples of moments over the 
supports. Supposing that the beam is of constant cross-
section, Clapeyron’s equation has the form [9] 
 

=+++ +++− 1k1k1kkkk1k lM)ll(M2lM  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−= ∑∑

kk
6 ss βαEI  (1) 

 

where: 
1-kM , k M  and 1k+M - moments over three consecutive 

supports 1−k , k  and 1+k , 
kl  and 1k+l  - lengths of the spans k  and 1+k , 
I  - moment of inertia of the beam, 
E  - modulus of elasticity of the beam material, 

∑∑ +
kk

ss βα  - algebraic sum of the elastic curve slopes at 

support k  due to active forces applied in 
the spans adjacent to the support. 

If one Clapeyron’s equation is written for each pair of 
adjacent spans of the beam with )1( +n  supports, then 

)1( −n  Clapeyron’s equations should be written. 

 
 

Fig.3. Decomposition of a statically indeterminate 
continuous beam into the simple beams system 

 
Calculation of the influence coefficients is equivalent to 
determination of the continuous beam support reactions 
when a unit point force is applied in the middle of a beam 
span, as it was stated earlier. In accordance with it, the 
first case considered was the one, when a unit point force 
acts in the middle of the span 1 (Fig. 4). 
 

 
 

Fig.4. Unit point force applied in the first span of a beam 
 
The system of )1( −n  Clapeyron’s equations written for 
the case is: 
 

832 2
122211 /l- lM)l(lM =++

02 3332221  lM)l(lMlM =+++  
.   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 

02 1i1i1iiii1-i  lM)l(lMlM =+++ +++  (2) 
.   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   .   . 

02 1-n1-n1-n2-n2-n2-n3-n  lM)l(lMlM =+++  
0)2 n1-n1-n1-n2-n  l(lMlM =++ . 

 
If a point force F  is applied in the middle of a simple 
beam of length l  and moment of inertia I , then algebraic 
sum of the elastic curve slopes at the supports is 

EI/Fl2 16  [9], where E  is modulus of elasticity of the 
beam material. Taking into account this and (1), the right-
hand term in the first Clapeyron’s equation of the system 
(2) becomes 83 2

1 /l- . The right-hand terms in other 
Clapeyron’s equations are zeros, since there are no active 
forces in the corresponding beam spans. 
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When a unit point force is applied in the middle of the 
span n  of the continuous beam, the situation is similar. 
The difference is that the right-hand term is now zero in 
all the Clapeyron’s equations except in the last one where 
it has the value 83 2

n /l- . 
In cases when a unit point force is applied in the interior 
spans of the beam, there are always two Clapeyron’s 
equations with right-hand terms different from zero, and 
the rest ones have zero at the right hand side. For 
example, if a unit point force is applied in the span 2, then 
the elastic curve slope due to the force will appear in 1st 
and 2nd Clapeyron’s equations. 
Similarly, if a unit point force is applied in the span 3, 
then the right-hand terms in 2nd and 3rd equations are 

83 2
3 /l- , and in the others they are zeros etc. 

Thus n  systems of Clapeyron’s equations are obtained, 
because there are n  cases of unit point force acting in a 
beam span and each case is described by one equation 
system. Each system consists of )1( −n  equations with 

)1( −n  unknowns, which means that it can be solved by 
any of the methods known. A matrices method is used 
here and thus the moments over the beam supports are 
calculated. Knowing the moments and using the equations 
of the form ∑ = 0M  for each simple beam, the support 
reactions of the continuous beam, and at the same time 
the influence coefficients, can be determined. There are 
n  spans where a unit point force can be applied and 

)1( +n  beam supports, which means that )1( +⋅ nn  
influence coefficients can be calculated as described 
above. The influence coefficients can be expressed in a 
matrix form: 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

+

+

+

+

1n,njn,2,n1,n

1n,iji,2,ii,1

1n,2j,22,21,2

1n,1ji,2,11,1

..
......

..
......

..

..

ρρρρ

ρρρρ

ρρρρ
ρρρρ

RO , (3) 

 

where the influence coefficient ji,ρ  is the reaction at 

support j  when a unit point force is applied in the middle 
of the span i . The influence coefficients from matrix RO  
will be used at determining main journal load. A computer 
program has been developed in the scope of the research, 
which can be used to calculate continuous beam influence 
coefficients, regardless of number of supports. 
 

2.2. The SDM based procedure 
 

In comparison with the SIM based procedure, 
determination of the influence coefficients in the SDM 
based procedure is not as nearly so complicated. In fact, 
the values of the coefficients stem from the very nature of 
the procedure shown in Fig. 1. In other words, there is no 
need to develop a special program to calculate the 
influence coefficients beacause the influence coefficients 
matrix RO  in this case can be written as 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

5.05.0000
05.05.00...0
.0......
........
......0.
0...05.05.00
00...05.05.0

RO  (4) 

 

Now the forces acting on a crankshaft main bearings 
during one engine cycle are calculated using the influence 
coefficients from (3) and (4). To determine the forces, an 
analytical procedure convenient for software 
implementation has been developed and shown below. 
 

2.3. An analytical model of forces acting on the 
main bearings 

 

As said before, gas forces and inertia forces are considered 
basic ones and are taken into account in a dynamic 
analysis of every IC engine. This paper is not an exception 
and the forces have been determined in a common way: 
gas forces according to Grinevetsky-Mazing method 
[2,10], and inertia forces using Newton’s second law of 
motion. After that, the connecting rod force Fcrod  and 
the inertia force of the crank Ficrnk  have been 
determined also in a common way [2,10,11], so that part 
of the calculation is not given in the paper. 
 

 
 

Fig.5. The force originating from the crank throw i 
 

The force originating from the crank throw i , iFcrnk , 
(Fig. 5), is determined as a vector sum of the forces 

iFcrod  and iFicrnk , 
 

iii FicrnkFcrodFcrnk += . (4) 
 

Each force iFcrnk  can be decomposed into two mutually 
perpendicular components, one of which is in radial and 
the other one is in tangential direction with respect to the 
crank i  (Fig. 6). This is described by the relation 
 

iii TanRadFcrnk += . (5) 
 

Further, the action of each of the forces iRad  and iTan  
can be replaced by an equivalent force-couple system. 
The couple is irrelevant for the analysis and is not 
considered in the paper and the force crosses the axis of 
the crankshaft. The force from the force-couple system is 
projected onto the axes of the coordinate system OX1Y1 
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that is rotating together with the crankshaft (Fig. 7). The 
projections of the forces iRad  and iTan  have been 
labelled with i1RadX , i1TanX , i1RadY  and i1TanY . 
 

 
 

Fig.6. Decomposition of the force iFcrnk  
 
Taking into account the decomposition of the forces (Fig. 
7) and the influence coefficients determined earlier, the 
expressions for the projections kFmbX1  and kFmbY1  of 
the force kFmb  have been derived. kFmb  denotes the 
force transmitting from the main journal k  to its main 
bearing due to influences of all the crank throws. For a 
crankshaft with n  crank throws, the expressions derived 
have the form: 
 

∑
=

+−=
n

1i
iiki,iiki,k )cossin( ψρψρ TanRadFmbX1  

 (6) 

∑
=

+=
n

1i
iiki,iiki,k )sincos( ψρψρ TanRadFmbY1  

 

where: 
ki,ρ  - influence coefficient of the crank i  on the main 

bearing k  and 
iψ  - counterclockwise angle between the crank throws 1 

and i . 
However, these are not the final expressions because they 
do not take into account that the engine cycles in different 
cylinders are phase-shifted mutually. Therefore, it is 
necessary to observe the forces iRad  and iTan  in 
accordance with it. Involving the conditions described into 
(6), the final expressions are obtained: 
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where  
ϕ  - crankshaft angle indicating the phase of the engine 

cycle in the first cylinder with respect to its initial 
position (beginning of the engine cycle) and 

iθ  - angle that indicates the phase of the engine cycle in 
cylinder i  when in the cylinder 1 the engine cycle is 
at the beginning. 

 

 
 

Fig.7. Components of iFcrnk  projected onto the 
coordinate system fixed to the crankshaft 

 
Each pair of values ( ϕk,FmbX1 , ϕk,FmbY1 ) represents a 
point in the coordinate system OX1Y1. Each the point is a 
vector head end of the force acting on the main bearing k  
at the crankshaft angle ϕ . By connecting the points, 
calculated for different values of ϕ , a polar diagram is 
obtained defining the forces acting on the main bearing 
k during one engine cycle. 
 
3. ILLUSTRATIVE EXAMPLE 
 
The procedures described above can be applied to any in-
line IC engine with fully supported crankshaft and a 
computer program has been written to facilitate their 
application. By using the program, polar load diagrams of 
bearings are constructed in very short time. The results 
obtained enable a comparison of the two methods. To 
illustrate this, a four-cylinder, water-cooled diesel engine 
(MAN D0534G, [12]) has been chosen. It is most 
frequently used in agriculture machines and light trucks. 
According to the data available in [12], polar load 
diagrams of the main bearings have been obtained using 
both SIM and SDM based procedures. The results 
obtained, showing the two polar load diagrams in the 
same coordinate system are given below (Figs. 8-12). The 
maximum magnitudes of bearing forces are also shown by 
vector lines of the appropriate color. 
Figs. 8-12 show that the polar load diagrams are of 
similar shape regardless of the procedure applied. This 
means that SDM based procedure, although significantly 
simpler, describes the nature of the bearing load very 
well. However, looking at the maximum values of the 
bearing forces (Table 1), it can be noticed that the values 
are quite lower in the case of the SDM based procedure. 
The outermost bearings are the exceptions, but this is 
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expected bearing in mind the basic assumption of the 
SDM based procedure. 
The authors applied both procedures to several engines 
that differ from each other in number of cylinders. Each 
time similar results were obtained meaning that the claims 
made in the paragraph above can be considered general. 
 
Table 1. Maximum magnitudes of bearing forces 

Maksimalni intenzitet sile [N] Main 
bearing SIM based 

procedure 
SDM based 
procedure Difference 

[%] 
1 13213.47 17810.50 -34.8 
2 40713.25 29233.37 28.2 
3 34423.91 23605.52 31.4 
4 40520.87 29233.37 27.9 
5 13197.30 17810.50 -35.0 

 

 
Fig.8. Polar load diagrams of Bearing 1 

 
Fig.9. Polar load diagrams of Bearing 2 

 
Fig.10. Polar load diagrams of Bearing 3 

 

 
Fig.11. Polar load diagrams of Bearing 4 

 

 
Fig.12. Polar load diagrams of Bearing 5 
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4. CONCLUSION 
 
Polar load diagrams of crankshaft main bearings obtained 
by using SDM based procedure are very similar to those 
obtained by SIM procedure. It means that SDM based 
procedure is a good approximation of the circumferential 
load distribution of the main bearing. On the other hand, 
there are considerable differences in the maximum values 
of the load magnitudes obtained by the two procedures. In 
this aspect, the SDM based procedure does not give so 
good results. Of course, neither the results obtained by the 
SIM based procedure are exact, but they are closer to the 
real values of bearing load. 
The basic input data for both procedures are cylinder 
pressure values in the course of engine cycle and the input 
data used in this article were modeled. More accurate 
results would be obtained, if cylinder pressure was 
measured in the experiment, so this could be a subject of a 
future research. 
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Abstract: Design of the machine elements’ optimal shape 
due to stress concentration is one of the major problems 
in the design of power transmitters. Analyze of shape 
variations influence on load capacity of Cardan joint’ 
cross shaft, as one of the elements of mechanical power 
transmitter is presented in this paper. Functional tasks of 
power transmitters with Cardan shafts are to transmit 
power and motion between shafts with variable mutual 
position of axis or with axis which are forming certain 
angle. Load capacity of Cardan joint is highly influenced 
by design parameters which define form of cross shaft. 
Maximal stress act at the zone of cross shaft’ section 
changing from central part to the branches and represent 
critical stress for the whole power transmitter. Critical 
stress at cross shaft was determined, in this paper, by 
analytical approach and verified by finite element 
method. By the variations of geometrical parameters and 
repetitions of numerical calculations of stresses with 
invariant load conditions, the optimal fillet in critical 
section of cross shaft was created in order to obtain 
minimal stress concentration. 
 
Key words: cross shaft, critical stress limit, design 
 
 
1. INTRODUCTION 
 
The main function of power transmitter with Cardan 
shafts is to transmit power and torque between the 
elements of car’s power group which are on certain 
distance and that are not rigidly connected. They can be 
used between elements without coincide in axes or with 
variation in relative positions. The Cardan shafts are used 
as part of power transmitter on vehicles which have 
engine in the front and rear wheel drive. They transmit the 
torque from the shaft to the main pinion gear and further 
to planetary transmitters. The Cardan shaft with two joints 

is usually used. This type of shaft provides flexibility of 
positions to the angle of 30° between of axes. This 
characteristic is important due to fact that driving wheels 
have continual up and down movement in order to reduce 
the influence of impacts from the road to the car body, so 
the need for flexible transmission of power and torque is 
essential. From this aspects, the usage of Cardan shafts in 
power transmitters of cars and trucks, building and 
agricultural machinery. The Cardan shafts are used to 
deliver power and torque to the additional equipment of 
tractors and other machines when position flexibility of 
power transmission is essential [1]. 
The identification of Cardan shafts and its elements are 
based on nominal power and torque from catalogs of 
producers. But, Cardan shaft, chosen by this method, do 
not always satisfied the requirements for reliability and 
duration of exploitation period. In most cases, the cause 
of early replacement of those elements are not production 
process, but design of whole power transmitter.      
The causes of failures and design of power transmitters 
with Cardan shafts are analyzed by many researches. 
Hummel and Chassapis [2] researched on the design of 
the universal joints. They have given some suggestions on 
the configuration design and optimization of universal 
joints with manufacturing tolerances [3]. Bayrakceken et 
al. [4] performed the fracture analysis of a universal joint 
yoke and a drive shaft of an automobile power 
transmission system. Spectroscopic analyses, 
metallographic analyses and hardness measurements are 
carried out for each part. For the determination of stress 
conditions at the failed section, stress analyses are also 
carried out by the finite element method. The reference 
[5] considered modification of design of Cardan shaft in 
order to avoid failures during exploitation period. The 
modifications of designs are analyzed by finite elements 
methods and the best modification of design by decrease 
of dimensions of input Cardan joint yoke is identificated.   
For the rational design, safety and reliability evaluations 
of machines’ elements it is necessary to determine the 
stress levels and its distributions in the critical zones. The 
stress level and its distributions depend on load 
characteristics so as on the shape of the machines’ 
elements.   At the zones with variation in shape and 
dimensions of cross section the stresses are irregularly 
distributed and the maximal stresses are far greater than 
nominal stresses. Besides that, the multiple stress 
concentrations as the consequence of multiple stresses 
concentrators influence are induced [6]. For the aim of 
reducing the stress concentration the design and 
technological procedures are done. By the increase of 
fillets at critical zones, the stress concentrations can be 
significantly reduced. But, the possibilities of this 
procedure are limited due to interferes with axial support 
of bearings. In this paper the procedure of identification 
of optimal combination of shape and dimensions of shape 
transition zones from the aspects of maximal stresses 
reductions is shown.   

2. STRESS STATE AT CRITICAL ZONE OF 
CROSS SHAFT OF CARDAN JOINT  

Cross shaft is one of the most important elements of 
power transmitters with Cardan joints. In most cases its 
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characteristics are significant factor for dimensions and 
properties so as duration of exploitation period and 
reliability of whole power transmitter.  The presented 
facts implicate that identification of optimal dimensions 
and shape at critical zone of cross shaft is essential for 
avoiding of failure.  
The branches of cross shafts are loaded to:  flexion in the 
cross shaft plane, flexion in the plain of Cardan joint joke 
of connection shaft form the torque due to friction in 
telescopic element and shear due to forces. Maximal 
bending momentum of forces is rising from the central 
zones to the branches.   
In the study presented in this paper, the stress limit at the 
cross shaft is calculated by analytical method, and then, 
obtained result is proven by numerical method. Finite 
elements method is used to analyze the stress distribution 
in critical zone. On the bases of the obtained results the 
optimization of cross shaft design was done. 

2.1. Analytical calculation of stresses  
The calculation of stresses by analytic method is done for 
the design of cross shaft, presented at Fig. 1. The 
dimensions of considered model are limited by 
construction requirements. The basic properties of 
considered power transmitter with Cardan joint are: 
power P=25 kW, number of rotation n=2000 min-1, 
distance between top of branches and critical cross section 
h1=21.5 mm, the length of bearing zone 2 17.5 mm,h =  
distance between two top sides of opposite branches  
L=70 mm, diameter of branches d=18 mm, diameter of 
hole for supply of lubricant d1=4 mm, the angle between 
input and output Cardan joint jokes  α12max=18.78° [7].  

 

 
 

Fig.1. Dimensions and shape of cross shaft 
 

The zone of shape transition from central part to the 
branches is indicated with A at Fig.1, while the zone of 
shape transition to cylindrical part for needle bearing is 
indicated with B. 
The stress due to bending at the basic of branches of the 
cross (cross section a-a) is determined as 
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where Tu2max = 126.088 Nm is maximal value of torsion 
torque [7]. The shear stress at critical zone of cross shaft 
is determined as 
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where F =2.4 kN is force that act at branch of cross shaft 
[7]. Resulting stress is determined as 
 

2 23 56.77 MPa.e sσ σ τ= + ⋅ =  (3) 
 

The determined value of stress presents the maximal 
value of stress at critical cross section. This value is not 
determined for the real shape of cross shaft that enclose 
the presence of stress concentrators, so for determination 
of stresses at real model of cross shaft the numerical 
method must be used. From the aspect that cross shafts 
can be made of different steel grades, some data obtained 
in exploitation indicate that it is beneficial if bending 
stress do not exceed 150 MPa [8]. 
Maximal stress act at the zone of cross shaft’ section 
changing from central part to the branches and represent 
critical stress for the whole power transmitter. By the 
variations of geometrical parameters and repetitions of 
numerical calculations of stresses with invariant load 
conditions, the optimal fillet in critical section of cross 
shaft was created in order to obtain minimal stress 
concentration. 
 

2.2. Stress state analysis by FEM method  
 

The major of numerical methods for calculation at 
mechanical constructions are based on finite element 
method. The finite element method is used to precise 
analysis of real stress state at critical zones. The analysis 
by FEM method is much more precise in relation to 
analytic method. The finite element method provides 
possibility of fast repeated calculations after 
modifications of some design details of considered 
element. In this paper the simulation of load at cross shaft 
done using the software pack Autodesk Inventor 
Professional 2011 is presented. The analysis by finite 
element method require following procedure [9]: creation 
of geometric model, definition of material, discretization 
by finite elements, definition of support location and load 
limitations, the specification of location and characteristic 
of load, numeric calculation and interpretation of results.     
The basic considered model for analysis by FEM method 
in this paper is created upon the real cross shaft. 
Geometric model made by Computer Added   Design 
software packet is formed from simple geometrical shapes 
called geometric forms. The geometric model defines the 
real geometry of the considered element. The material of 
the all considered models in this paper is steel with 
following characteristic: elastic modulus E= 5102 ⋅  MPa, 
Poisson’s ratio ν=0.287 and maximal stress limit is 
σmax=275.8 MPa. 
The three dimensional tetrahedral discretization with 
density variation is done at first stage of numerical model 
generation. The zone of shape transition as zone of 
interest is discretized by the finite elements with smallest 
dimensions (Fig. 2.).  
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Fig.2. Discretization of analytical model  
 

The border conditions are defined in according to 
theoretical considerations of stress state at cross shaft. 
The cross shaft is element with symmetry and four 
branches. The axes of the branches are in the same plain, 
forming the angle of 90o by them. The every branch is 
loaded by the same force transmitted from the yoke by the 
bearings. In the reference [10] and [11] numeric analysis 
is done for quarter of the cross shaft, only one branch 
loaded by one of the forces, but the numeric analysis in 
this paper is done for the whole cross shaft. The central 
zone is fixed and the each branch is loaded by the equal 
force of F=2.4 kN. 
The numeric calculation is done on the real model, and 
after that, modifications of shape transition zone is done 
for the aim of reduction of maximal stresses. The numeric 
calculations ware done on the modificated models and the 
obtained values of maximal stresses are compared in 
order to identify the design solution with minimal value 
of maximal stresses. On the bases of the evaluation of 
obtained results the modification of design solution of 
cross shaft with differences in shape and dimensions are 
done. Three different cases are considered: 

 Case I – the zone of shape transition between the 
central part and branches is fillet with variation of 
radius and the fillet of 0.5 mm is done to the 
cylindrical part of branches for needle beadings.    

 Case II – the zone of shape transition between the 
central part and branches is fillet with variation of 
radius and the chamfer of 0.5/45º is done to the 
cylindrical part of branches for needle beadings. 

 Case III – the zone of shape transition between the 
central part and branches is fillet with variation of 
radius and zone of shape transition to the cylindrical 
part of branches for needle beadings is 0.5x2 mm. 

Every modification of cross shaft is analyzed under the 
same conditions and loads. The input parameters to 
numerical modelling software defined the static system, 
geometrical characteristics and load mode and border 
conditions. After the defining geometric model and input 
parameters the static structural analysis by numeric 
method is done.   

2.3. Results of numeric analysis 
The design solutions of cross shaft is done by variation of 
fillet at zone of shape transition from central part to the 
branches in diapason 0.5-2 mm with increase step of  
0.25 mm.  Visualisation of results of calculation of 
stresses for different modification of design with fillet of 
0.5 mm is presented at Fig.3, Fig.5 and Fig.7.  
 

 
 
 

Fig.3. Finite element stress analysis of the cross shaft 
with fillet A of 0.5 mm and fillet B of 0.5 mm 

 
Visualisation of results of calculation of stresses for 
different modification of design with fillet of 2 mm is 
presented at Fig.4, Fig.6 and Fig.8. 
 

 

 
 

Fig.4. Finite element stress analysis of the cross shaft 
with fillet A of r=2 mm and fillet B of r=0.5 mm 

 
Upon the presented visualisation of stresses at numeric 
model, especially for the considered zones of shape 
transitions at the basis of the branches of the cross shaft 
modifications of shape and fillet at those zones are done 
in order to reduce maximal stress level. 
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Fig.5. Finite element stress analysis of the cross shaft 
with fillet A of r=0.5 mm and chamfer B of 0.5/45º 

 

 
 

Fig.6. Finite element stress analysis of the cross shaft 
with fillet A of r=2 mm and chamfer B of 0.5/45º 

 

 
 

Fig.7. Finite element stress analysis of the cross shaft 
with fillet A of r=0.5mm and zone B of 0.5x2mm 

 
 

Fig.8. Finite element stress analysis of the cross shaft 
with fillet A of r=2mm and zone B of 0.5x2mm 

 
The diagrams of stress variation as function of variation 
of fillet for three considered design solutions are 
presented at Fig.9, Fig.10 and Fig.11.  

 

 
 

Fig.9. The diagram of maximal stress in function of fillet 
variation (Case I)  

 
In the case I (Fig.9) with increase of fillet at the basis of 
branches to1.5 mm the variation of stress state is induced 
and stress concentration is decreased. With further 
increase of fillet, maximal stresses also increase and 
location of maximal stress is changing to zone where 
diameter decrease from bigger to smaller diameter of 
branches (Fig.4).  
 

 
 

Fig.10. The diagram of maximal stress in function of fillet 
variation (Case II) 
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In the case II (Fig.10) with increase of fillet at the basis of 
branches to1.75 mm induced reduction of maximal stress. 
By the further increase of fillet, decrease of maximal 
stress is not obtained. Only localization of maximal stress 
is changed by this further increase of fillet (Fig.6).  
In the case III (Fig.11) with increase of fillet at the basis 
of branches to 2.0 mm the monotony decrease of maximal 
stress level. The location of maximal stress is at zone of 
shape transition from central part to the branches.    

 

 
 

Fig.11. The diagram of maximal stress in function of fillet 
variation (Case III) 

 
On the basis of the evaluation of obtained results from 
analysis of stress state at cross shaft of Cardan joint the 
optimal design solution with lowest maximal stress level 
can be identify. The values of maximal stresses at cross 
shaft for different design solutions with different 
combinations of shapes and dimensions of zone of shape 
transitions are presented at Tab.1. The design of cross 
shaft presented at Fig. 8 for the optimal design solution 
with lowest maximal stress of 76.52 MPa, is chosen.  
 
Tab.1. The influence of geometric modifications to 
variation of stresses 
 

Radii [mm] 0.5 0.75 1 1.25 1.5 1.75 2 

Case I 

Stress [MPa] 138 111.4 98.13 96.57 99.73 104.7 108.7

Case II 

Stress [MPa] 141.1 115 100.5 91.79 84.63 81.54 81.72

Case III 

Stress [MPa] 146 119.5 105.2 95.83 88.46 82.92 76.52

 
3. CONCLUSION 
 
The design and process of project development of power 
transmitter with Cardan joint must be done with great care 
due to the set of constructional requirements that must be 
fulfil by design solution. The results obtained by analytic 
calculations can not take as relevant in all cases because 
those calculations are done on simplified model. The 
method of numeric calculation by finite element analysis 
is the one of the methods that provides calculations on the 
mathematical models with real geometry [12]. For 
presented reason, the subject of research presented in this 
paper is forming of mathematical model for FEM analysis 

of stress variations at the zones of shape transitions from 
central part to branches, with geometric discontinuities, 
upon static load condition.  The research presented in the 
paper implicate that maximal stresses at the basis of the 
branches of the cross shaft can be significantly reduced by 
modifications of shape and fillet at the zones of shape 
transitions.   The increase of fillet, to some limit, induced 
reduction of stress concentration level. The further 
increase of fillet over the limit induced increase of 
maximal stresses. The conducted research implicate that 
optimal design solution of shape transition zone from the 
central part to the branches is one with bigger level of 
fillet and chamfer with angle of 45° to the cylindrical part 
for the base of needle bearing.  
The considerations presented in this paper implicate that 
contemporary approach to analysis of load capacity of 
cross shafts provide relevant data, so as it put new 
perspectives in research of increase the load capacity of 
cross shaft by design modification. 
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INFLUENCE OF VARIOUS FACTORS ON 
THE LEVEL OF NOISE CREATED FROM 

VEHICLE TIRE ROLLING ON ROAD 
AND ITS MATHEMATICAL MODELING  

 
Dhimiter SOTJA 

Enkelejda KONDA 
Koci DORACI 

Shkelqim GJEVORI 
 
 
Abstract: Noise created from vehicle tire rolling on road,  
is frequently reported as one of the most common road-
generated disturbance by vehicle users and the 
population living near roads. This paper deals with 
certain aspects of the noise generation from tire rolling 
on roads and an attempt to mathematically modeling of 
noise generation. The vehicle tire is a complex system to 
be considered as volume acoustic and noise radiant body. 
Mathematical dependencies are taken to describe the 
process of radiation noise caused by its vibrations.  
Dependencies are also presented, taking into account the 
sound resistance of the tire material, its geometric size, 
the sound resistance of the air inside the tire, in the 
characteristics of sound radiation process  
 
Key words: tire, noise, rolling, road, toroid 
 
 
1. INTRODUCTION 
 
Studies show that among the various noise sources that 
make significant contribution to the "pollution" of the 
background surrounded the environment, one of the most 
important is the noise of road transport.  
In these days, tire noise is considered one of the main 
components of the vehicle created noise. Other 
components also belong to the noise of exhaust gases, 
engine noise, transmission and vibration of the vehicle. 
Tire noise is in turn determined by a number of 
mechanisms, the contribution of which may be different 
in different circumstances. 
Important information on the tire noise and its sources is 
given in some recently published studies [1]. Among 
these sources, the important role is played by the effect of 
pumping the air. The effect is the flowing out of air from 
the cavities in the tread area of tire contact and the 
subsequent effect of suction air in the cavity (Fig. 1). 

 
 
 
 
 
 

 
Fig.1. Air pumping phenomenon 

 
One of the first models of this process was proposed in 
[1] in the early seventies (see also [3]). According to this 
model, based on acoustic theory of the monopole, the 
power of generated sound is proportional to a vehicle's 
speed to the fourth power, which is consistent with the 
results of the measurements. 
However, the calculations performed in [4] show that this 
effect can not be modeled using the equations of linear 
acoustics, and that requires the use of nonlinear models. 
In this paper was carried out a numerical study of the 
process using the Euler equations. The results of these 
calculations have confirmed that the linear acoustics does 
not give adequate results in the simulation of the process. 
An increase in pressure and density in the cavity can be 
significant (up to 10% and above), which is outside the 
range of applicability of linear acoustics. Many physical 
processes are considered to play a role in the generation 
of tyre/road noise. In the literature however, there is no 
clear consensus about the relative contribution of these 
various mechanisms, except for the important 
contribution of radial tyre tread vibrations in the 
generation of rolling noise. This makes mathematical 
modelling of these tyre/road noise generation mechanisms 
a challenging but complex task. In general, the 
mechanisms are divided in two groups: mechanical and 
aerodynamical mechanisms.  
Many physical processes are considered to play a role in 
the generation of tyre/road noise. In the literature 
however, there is no clear consensus about the relative 
contribution of these various mechanisms, except for the 
important contribution of radial tyre tread vibrations in 
the generation of rolling noise [4]. This makes 
mathematical modelling of these tyre/road noise 
generation mechanisms a challenging but complex task. 
In general, the mechanisms are divided in two groups: 
mechanical and aerodynamical mechanisms. 
Mechanical mechanisms 
Radial and tangential vibrations of the tyre. Radial 
vibrations of the tyre belt and of the profile elements are 
excited by road roughness elements deforming the tread 
or by tread elements hitting (on the leading edge) or 
leaving (on the trailing edge) the road surface. 
Tangential vibrations are excited by tangential forces in 
the contact patch. 
Side wall vibrations. The tread vibrations are transported 
to the side wall which acts as a ‘sounding board’ and 
radiates sound. 
Stick-slip. Stick-slip vibrations are a result of the stick-
slip phenomenon that occurs in the case when materials 
exhibit reduced friction with an increase in their relative 
speed (negative friction gradient). So, the tread blocks of 
the tyre alternately ‘stick’ and ‘slip’ relative to the 
roadsurface. The stick-slip mechanism is normally 
associated with situations where relatively high tangential 

Air “pumped Air “sucked in”
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forces are applied to the tyre (e.g. acceleration, breaking, 
cornering).  
Adhesion stick-snap. Stick-snap occurs when the tyre 
tread surface gets sticky and the road surface is very 
clean. Also, tyres may stick to hot asphalt road surfaces. 
In those cases the adhesive bond strength is increased 
which leads to an increase of the excitation at the trailing 
edge of the tyre footprint. 
Aerodynamic mechanisms 
Cavity resonance in tyre tube. Resonances in the cavity 
inside the tyre-wheel assembly are known to contribute to 
the noise generated by the tyres. These resonances are 
prominent at discontinuities like bridge transitions and 
railway crossings but not for a free rolling tyre. 
Air-pumping. A rolling tyre displaces air from the tyre 
when it deforms entering the contact patch region. 
Subsequently it returns air to the tyre tread and roadway 
cavities as the tyre tread goes back to the undeformed 
state when it leaves the contact region. This pumping of 
air causes sound production [2]. 
Air resonant radiation. Helmholtz resonances can occur 
at the trailing egde of the tyre. The cavity for the 
Helmholtz resonator is formed by the groove releasing the 
contact with the road surface and acts as spring. The air 
present between tread and road surface is the neck of the 
resonator and acts as a mass.  
Pipe resonance. Each tread pattern, in contact with a 
rather smooth road surface, constitutes a system of pipe 
resonators. Their resonant frequencies depend on the 
geometrical properties but not on the rotation speed of the 
wheel. 
It is well known that the radial vibrations are the cause of 
low frequency (< 1 kHz) noise [5]. However, the high 
frequency noise is caused by a combination of many 
different noise generation mechanisms. This makes 
mathematical modelling of the noise generation a 
complex task. 
 
2. MATHEMATICAL MODEL 
 
To solve the acoustic problem, as it is for the 
determination of main characteristics of the acoustic field 
of vehicle tire , we consider it as a toroidal body with thin 
walls which during rolling on the road surface, vibrates 
continuously. To describe the process of this body 
radiation toroidal wave through the surrounding 
environment and to determine the characteristics of the 
acoustic field generated by it, we consider a transverse 
section of this toroid with thin walls toroidi with thin 
walls (Fig. 2). 
 
 

 
 
 
 
 
 
 
 
 
 

Fig.2. Section of toroidal shape tire 

Wave equation for the potential of the velocities of this 
process, is described in the cylindrical coordinates in the 
form 
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where Ψ - is the velocity potential; r and φ - are the 
coordinates of any point (radius-vector and azimuth 
angle); k = ω / c - is the wave number, 1 / m; ω - is the 
cyclic frequency of acoustic wave; c – speed of acustic 
wave. 
The internal part of toroidal shape body (zone I) is filled 
with a matter (air) with wave resistance .  
Then the acoustic pressure inside the toroid, can be 
presented in the form: 
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We also obtain general expression for acoustic pressure 
level: 
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Where ( )1
0H kr  - is the Hankel function; Z1, Z2 and Z3 – 

are the impendances of zone I, toroid and zone II, 
respectively.  
After this, we write a function, through which we can 
define the intensity of acoustic energy (energy flow that 
passes through unit aerea, perpendicular with the flow 
direction, in W/m2): 
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Power of acoustic energy, which radiate from the tire with 
toroidal shape (the energy that is transmitted by sound 
waves through the review area, per unit time, W), is 
defined as: 
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where S - is toroidal surface aerea, in m2; L - is the toroid 
midline, in m. 
 
3. DETERMINATION AND EVALUATION OF 

THE NOISE OF ROLLING TIRE ON THE 
ROAD SURFACE 

 
The noise generated from the rolling tire can be divided 
into two components: internal noise and external noise. 
Internal noise creates discomfort for the driver and 
passengers inside the vehicle. In the context of the 
surrounding environment, the external noise is considered 
as part of general discomfort that is created by the 
movement of the vehicle. Evaluation of external noise, 
today is based on roadside measurements of the overall 
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noise level in dB (ISO 362 Standard of European 
Regulation) [5]. Besides theoretical conclusions, some 
experiments are made directly on road, using 
microphones (Fig. 3) 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3. Scheme of the experiment 

 
A vehicle is forced to move freely on an inclined road 
(with engine off and without insertion of transmission 
gears). The main parameters that affect the level of noise 
to the test results are: road (granulometric and absorbing 
properties of the road); vehicle (mass, tire pressure, 
dimensions, number of noise sources in the tire, 
diffraction effect); rolling conditions (speed, temperature 
and tractive moment). Four microphones are used: two in 
each side of the road. Vehicle travel in three different 
speeds: 30 km/h, 50 km/h and 70 km/h, making four 
measurmets for each. As a result is obtained a linear 
regression curve to judge upon the change of acoustic 
pressure force as a function of time.  
In these conditions has resulted that measuring the level 
of noise with this method gives an error + / - 0.2 dB for 
velocity 50 km/h and + / - 0.5 dB for velocity 30 km/h 
and 70 km/h. 
Another experiment has been done to calculate road 
acoustic resistance and absorbation coefficient (Fig.4) 
Suppose that the conditions affecting the propagation of 
waves, are such that can be neglected. 

 

 
 

Fig.4. Scheme of the experiment for determination of road 
acoustic resistance 

 
The full value of Y (acoustic potential) consists of the 
sum of the of direct value Y1 and reflected value Y2.  
Y2 potential value is to be corrected by v (G) which in 
turn is expressed through the acoustic resistance of road 
surface Z (w): 
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where - R1 and R2 are the distances between the receiver 
point R and sources S1 and S2, respectively; 
k - the number of wavelength. 
The measured result is substituted into the calculation of 
the frequency range in accordance with the theoretical 
dependence. 
The method is been used for a variety of surface including 
concrete, asphalt, clay and road with vegetation (grass). 
For these four types of road surfaces, a ranking has been 
made concerning sound absorption coefficient (Fig. 4): 

 
Fig.5. Ranking of various types of roads concerning 

sound absorption coefficient 
 
Surface that better absorbs the sound is that of clay, while 
the one that reflects it more, is the concrete surface 
 
4. CONCLUSION 
 
As a result of this study, mathematical dependencies are 
obtained for the acoustic field characteristics of the 
vehicle tire, which arises as a result of its vibrations. 
Mathematical dependencies are also described for acustic 
resistance of the tire material, the material filling inside 
volume of the tire (zone I) and of the external 
environment (zone II), (see Fig. 1). 
By changing the material density � of the material with 
which is filled the tire, thus changing the sound 
resistance, may increase the resistance of wave radiation 
inside the tire.  
Regarding to the capacities of the road to absorb the noise 
created from the tire, it is confirmed that the surface that 
better absorbs the sound is that of clay, while the one that 
reflects it more, is the concrete surface. 
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Abstract: This paper displays the usage of Theory of 
Critical Distances (TCD) in the prediction of high-cycle 
fatigue behaviour in machine parts and systems. It is 
possible to gain real overview of stresses of machine 
parts by Finite Element Analysis, and to use them as an 
entry values for application of Theory of Critical 
Distances. The TCD represents a major extension of 
linear elastic fracture mechanics, allowing it to be used 
for short cracks as well as for stress concentrations of 
arbitrary geometry. Presented methodology is particular 
valid for machine parts of non-standard dimensions. 
A particular turbine shaft from hydro power plant was 
chosen as subject for developed methodology 
presentation. This paper illustrates the application of the 
TCD on decrease of fatigue life of turbine shaft due to 
shaft-flange radii stress concentration and corrosion pits.  
 
Key words: fatigue, fracture, Theory of Critical Distances 
 
 
1. INTRODUCTION 
 
The most frequent causes of failure are defects such as 
pores or cracks introduced during manufacturing, and 
inadequate design features which cause excessive stress 
concentration, such as sharp corners and other notch like 
type of stress raisers. In all such cases the common factor 
is high local stress and stress gradients, the stress 
decreasing with distance from the feature. One of the key 
points in failure analysis is the ability to make accurate 
predictions of the strength and fracture of materials in 
complex load-bearing structures. This task, the strength 
calculation of failed part, is also linked with the review of 
original designer approach in order to check hidden 
design errors. The majority of failures could be addressed 
to high-cycle fatigue [1, 2], and due to the fact that real 
engineering structures contain stress concentrations from 
which fatigue cracks frequently initiate. The prediction of 

the effect of stress concentrations on fatigue life and 
fatigue strength is of great importance. 
Despite this, there is no commonly accepted set of 
standard methods for predicting the effect of notches, 
holes, joints, defects and other stress-raisers. This is not 
due to a shortage of theories and methodologies – there 
are, in fact, a multiplicity of methods to be found in the 
literature for the prediction of notch fatigue behaviour. It 
is rather that the scientific community has not been able to 
decide which method, or methods, are most suitable, and 
under which circumstances [1, 3, 4]. The common point 
in all that theories is the assumption that the relevant 
parameter is the stress averaged over some critical 
volume, but for convenience of calculation this has 
usually been simplified to the stress at one point (a given 
distance from the hot spot) or to the stress averaged over a 
line of given length. The origins of above stated is in 
work of Peterson and Neuber. Peterson considered that 
fatigue failure occurs when the stress at a constant 
distance beneath the surface equals the fatigue strength of 
the material [5] while Neuber related the stress 
concentration factor at the root of a sharp notch to the 
average stress over a certain critical distance [6].  
Summary of the materials response under fatigue is 
presented by Suresh [7] where is clearly demonstrated 
that process of fatigue starts with the first cycle. The local 
regions of high stress promote the basic process of crack 
nucleation during high cycle fatigue. The damage 
progresses through mechanisms starting with crack 
nucleation, and the growth of micro structurally small 
cracks. Each mechanism is associated with a 
characteristic size or scale of magnitude, and each 
characteristic size has its own geometric complexity, 
constitutive law, and heterogeneity. Fatigue behaviour 
cannot be fully understood and predicted without 
obtaining information about each of the characteristic 
sizes. According to the observations of Kitagawa and 
Takahashi [3], fatigue crack growth behaviour of short 
cracks differs in a non-conservative manner from 
expectations based upon long crack behaviour. Further 
contribution in understanding was done by El Haddad [8]  
who introduced an effective cracks length to predict the 
propagation behaviour of short cracks. In this formulation 
the effective crack length is equal to the crack length plus 
an amount “l0”, which is related to the critical distance. 
This value “l0” was stated by the authors as a 
characteristic of the material and the material condition 
accounting for the non-continuum behaviour of very 
small cracks. 
The Theory of Critical Distances (TCD) as popularized by 
Taylor [9] attempts to predict the effect of notches and 
other stress concentration features by considering the 
stress field in the region close to the notch tip. This theory 
requires two parameters, a characteristic distance and a 
critical stress or strain characterizing failure. In one 
version of the critical distance theory, termed as the Point 
Method, the failure occurs when the stress becomes equal 
to the failure stress at a given distance from the notch 
root. In the other version of the critical distance theory, 
termed as the Line Method, the failure is assumed to 
occur when the stress becomes equal to the failure stress 
when computed as an average value over a line of given 
length. The background philosophy laying behind the 
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TCD is described as wish to observe engineering 
components rather than to test specimens. In practice this 
meant that we only considered predictive methods which 
could be applied to bodies of arbitrary shape and size, 
subjected to arbitrary loadings, containing stress 
concentration features of arbitrary geometry. This is 
achieved by measuring material behaviour using test 
specimens containing notches rather than cracks (fatigue 
threshold ∆Kth and toughness Kc using sharp notches 
rather than pre-cracks) which avoids the difficulties and 
uncertainties of carrying out standard fracture mechanics 
tests. The second presumption of successful application of 
TCD is the existence of an accurate stress analysis of the 
machine part.  
Methodology of application of TCD is as follows: 
1. Generating stress–distance diagram such as fig.1 and 

read the necessary stress values from FEA and 
2. The second step is calculating the value of the critical 

distance. 
 

 
 

Fig.1. Schematic explanation of TCD point method  
 
The result is that the critical distance for the point method 
is L/2, [1, 3, 4, 9], where: 
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In this equation ∆σ0 is the fatigue limit of standard, 
unnotched specimens of the material, and ∆Kth is 
threshold stress intensity. The fact is that is often difficult 
to define the accurate fatigue limit, the stress range 
corresponding to a given number of cycles. The range 
from 1 to 10 million is generally used for determination of 
fatigue limit. It has been demonstrated by comparison 
with experimental data that the use of this value of ∆σ0 for 
L gives good predictions in many different materials, [9]. 
The another good example for application of TCD is 
presented by Chattopadhyay [10]. 
 
2. EXPERIMENTAL PROCEDURE 
 
The problem of quantifying the influence of stress raiser 
is the problem that could be used in failure analysis. In 
order to check the usability of TCD in real case study 
instead of laboratory specimens, we chose to re-examine 
failure of hydro turbine shaft [11].  

Briefly, failure analysis of hydro-turbine shaft, Fig 2, 
shows that there is a zone from shaft-to-flange transition 
radius i.e. the width of the maximum stress zone, obtained 
by the Finite element analysis, strongly correlates with the 
width of the zone determined by non-destructive 
inspection, Fig 3. 
 

 
a) 

 
b) 

 

Fig. 2. a) Turbine shaft with runner during assembling in 
the bulb, b) Fractured surface 

 
The main conclusions of shaft failure analysis, Fig 2a), 
was that the combination of several factors leads to 
failure: 
– Inappropriate corrosion protection in the zone of critical 

radius and lack of procedures of renewing corrosion 
protection of turbine shaft. 

– Corrosion, i.e. corrosion fatigue due to leakage of river 
water through the sealing box. 

CRACKING 
ZONE 
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Fig.3. Corrosion cracks at shaft to flange radius 
 
The results of basic mechanical properties for turbine 
shaft steel casting is given at the Table 2 and the results 
for fatigue properties of 20GSL is given at table 3. 
 
Table 2. Average and required mechanical properties at 
room temperature of the 20GSL steel casting, [12]. 

 Average 
values 

Required  
(GOST 977) 
- min. values 

Yield strength (MPa) 310 294 

Tensile strength (MPa) 509 540 

Elongation, in 2 in. (%) 17.6 18 

Reduction of area (%) 35.2 30 

Brinell hardness HB 153 - 

Charpy-V notch, +20oC (J) 74.4 23.4 
 
Table 3. Average and reference fatigue values of the 
20GSL flange steel casting, [13]. 

 Average 
values Reference values 

Fatigue limit  
SFL (MPa) 168 on air 

225 
in water 

140 
 
As an integral part of failure analysis, the Finite Element 
Analysis of turbine shaft was performed under various 
conditions [14, 15]. The major conclusion was that stress 
gradient during start up and regular regime had no 
influence on crack initiation, Fig. 4a) and b). But the 
simulation of corrosion pits with diameter of 600 µm, Fig. 
4c) during start up regime revealed that the stresses under 
corrosion pit at distance L/2 was above the values of 
fatigue strength of unnotched specimens tested in water. 
The values of Kt (stress concentration factor) obtained by 
FEM analysis was, for the case of LC1 (load case 1 – 
regime during starting) the 3.97 and for case LC2 (load 
case 2 – regular operation regime) 2.057. The value of Kt 
on corrosion pit on radius, Fig 4c) was 5.97.  
 
3. DISCUSSION AND CONCLUSIONS 
 
Presented case study is another confirmation that the 
applicability range of TCD as a method that combines 

properties of material and geometrical features of 
engineering component is very wide. Compared with 
standard models, which are not generally used to predict 
cracking processes because they are not well adapted to 
deal with stress singularities, the TCD can be used as a 
complementary methodology to modern damage 
mechanics. On Fig. 5 the comparative stress gradients 
from tension as result of axial hydraulic force during 
starting regime (Fa=5542.65·103 N) without corrosion pit 
and with corrosion pit are presented. 
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b) 
 

 
 

c) 
 
Fig.4. a) Stress gradients on r = 80 mm radius over two 

regimes b) Stress gradients over two regimes, c) 
Simulated corrosion pit with 600 µm diameter on 

transition radius 
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Fig.5. Stress gradient under the corrosion pit 

 
Obtained value of L = 0.7 corresponds to material by 
available literature data for similar cast steels and 
particularly with microstructure of turbine shaft material, 
Fig 6. The microstructure of the material is the cast 
ferrite-pearlite one, with oxide type non-metallic 
inclusions and with minimal participation of dendrite 
structure. This inhomogeneity of microstructure also 
explains the formation of "pits' on transition radius.  
 

 
 

Fig.6. Cast, ferrite-pearlite microstructure,5% nital 
x 200 

 
From above presented, it is confirmed that TCD 
methodology has significant potential in quantification of 
any type of stress raiser influence on decrease of machine 
parts fatigue life. The next step and further extension of 
TCD is the calculation the number of cycles when a crack 
will occur on arbitrary geometry of machine part. 
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APPLICATION OF THE NEWTON-

RAPHSON PROCEDURES AS A BASE 
FOR THE COMPUTATIONS BY FINITE 
ELEMENTS METHOD IN NONLINEAR 

STRUCTURAL ANALYSIS 
 

Ivan MILICEVIC 
Radomir SLAVKOVIC 
Dragan GOLUBOVIC 
Zvonimir JUGOVIC 

Marko POPOVIC 
 
 
Abstract: The paper deals with the application of the 
Newton-Raphson procedures as a basis for the 
computations by finite elements method in nonlinear 
structural analysis. It also discusses the causes that may 
lead to the occurrence of nonlinearity in a variety of 
physical problems. The algorithm of the procedure is 
shown. Special attention is given to the problems in 
applying the Newton-Raphson procedures for defining a 
nonlinear stress-strain relationship, and the possibilities 
of overcoming them, modifying the general method. 
 
Key words: nonlinearity, analysis, the Newton-Raphson 
method 
 
 
1. INTRODUCTION 
 
Still in the seventeenth century, English physicist Robert 
Hooke discovered a simple linear relationship between 
force (F) and displacement (u), known as Hooke’s Law: 
  
{F} = [K]{u}       (1) 
 
Where: 
 

{F} – vector of applied loads 
[K] – stiffness matrix 
{u} – displacement vector 
 
A linear structure obeys this linear relationship. A 
common example is a simple spring (Fig.1), loaded by 
tensile axial force F, whereby the force is linearly 
proportional to the deformation of the spring, according to 
the Hooke's Law. 

 
 

Fig.1. Hooke's Law – A simple spring example with the 
relationship between force (F) and displacement (u) 

 
All linear structures are well-suited to finite-element 
analysis, which is based on linear matrix algebra. 
However, significant classes of structures do not have a 
linear relationship between force and displacement 
(Fig.2). For such structures are said to be nonlinear. 
 

 
 

Fig.2. Nonlinear dependence of force and displacement 
 
For nonlinear structures, the applied load causes a change 
in stiffness, so that the stiffness is no longer a constant, K; 
it becomes a function of applied load, (KT) (the tangent 
stiffness). [1] 
Typical examples of the nonlinear material behavior when 
there is a significant stiffness change are shown in Fig.3-5: 

 
 

Fig.3. Strains beyond the elastic limit (plasticity) 
 

 
 

Fig.4. Large deflections, such as a loaded fishing rod 

F

u 

 

KT

K

F 

u

K

F 
u 



 

 220 

 
 

Fig.5. Contact between two bodies (with changing status) 
 
2. NONLINEAR ANLYSIS 
 
Generally, there are three main causes of nonlinearity: [2], 
[5] 
1) Material nonlinearities as a result of the physical 

properties of materials – Some materials, such as 
rubber, do not have linear relationship between stress 
and strain even in the elasticity domain – nonlinear 
elasticity and hyperelasticity. In others, such as steel, 
nonlinearity occurs beyond the elastic limit (the 
proportional limit), and in the area of plasticity 
(beyond yield point) – metal plasticity.  

2) Geometric nonlinearities – If a structure experiences 
large deformations, its changing geometric 
configuration can cause nonlinear behavior (such as a 
loaded fishing rod, Fig.4). 

3) Contact (Boundary) Nonlinearities - Boundary 
conditions that involve components in contact with 
one another often produce disproportionate changes 
deformation – impact bodies “changing status” 
(Fig.5), gear-tooth contacts, etc.  

Despite the obvious success of the assumption of linearity 
in engineering analysis it is equally obvious that many 
situations demand consideration of nonlinear behavior. In 
fact, the linear assumptions we make are only valid in 
special circumstances and usually involve some measure 
of "smallness", for example, small strains, small 
displacements, small rotations, small changes in 
temperature, and so on. However, nonlinearity is present 
in many physical problems, from any of the three reasons 
described above. Moreover, it often must to consider the 
nonlinearity in terms of combination of two or even all 
three types of nonlinearity. For example, ultimate load 
analysis of structures involves material nonlinearity and 
perhaps geometric nonlinearity, and any metal-forming 
analysis such as forging must include both aspects of 
nonlinearity. Rubber boot seal (Fig.6) has all three types 
of nonlinearities - nonlinear geometry (large strain and 
large deformation), nonlinear material (rubber), and 
changing status nonlinearities (contact). 
 

 
 

Fig.6. Rubber boot seal 

Nonlinear Structural Analysis is the prediction of the 
response of nonlinear structures by model-based 
simulation. Simulation involves a combination of 
mathematical modeling, discretization methods and 
numerical techniques. Finite elements method is most 
suitable and most commonly used method for such 
analysis. [4] 
In a nonlinear analysis, the response cannot be predicted 
directly with a set of linear equations. Nonlinear structure 
can be analyzed using an iterative series of linear 
approximations, with corrections. Many software, such as 
ANSYS, ABAQUS, MARC, and others, in finite element 
method calculations for nonlinear structural problems 
analyse use an iterative procedure called the Newton-
Raphson method. 
 
3. NEWTON-RAPHSON METHOD  
 

 
 

Fig.7. Newton-Raphson method -  one iteration. 
 
The finite element discretization process yields a set of 
simultaneous equations: 
 

{Fa} = [K]{u}         (2) 
 

Where:  
 

{Fa} – vector of applied loads 
[K] – stiffness matrix 
{u} – displacement vector 
 

If the stiffness matrix [K] is not constant but is itself a 
function of applied load, then the system of equations (2) 
becomes a system of nonlinear equations. The Newton-
Raphson method is an iterative process of solving the 
nonlinear equations, and acording to [1], [3] and [5] can 
be written as: 
 

[Ki
T]{∆ui} = {Fa}–{Fi

nr} (3) 
 

Where: 
  

[Ki
T] – tangent stiffness matrix 

i – subscript representing the current equilibrium iteration 
{Fi

nr} – vector of restoring loads corresponding to the 
element internal loads 
{∆ui} – displacement vector increment  
 

{∆ui} = {ui+1}–{ui} ⇒ {ui+1} = {ui}+{∆ui}    (4) 
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The difference between external and internal loads, {Fa}–
{Fi

nr}, is called the residual.  It is a measure of the force 
imbalance in the structure. The goal is to iterate until the 
residual becomes acceptably small; that is, until the 
solution is converged. When convergence is achieved, the 
solution is in equilibrium, within an acceptable tolerance. 
A single solution iteration is depicted graphically in Fig.7 
for a one DOF, for example, in uniaxial tensile load.  
As seen in the following figures, more than one Newton-
Raphson iteration is needed to obtain a converged 
solution. The general algorithm proceeds as follows: 
 
 

 
 

Fig.8. The general algorithm of procedure 
 
The solution obtained at the end of the iteration process 
would correspond to load level {Fa}. The final converged 
solution would be in equilibrium, such that the restoring 
load vector {Fi

nr} computed from the current stress state 
would equal the applied load vector {Fa} (or at least to 
within some tolerance).  

 
 

Fig.9. An example of obtaining a converged solution by 
Newton-Raphson method 

 
In the example shown in Fig.9, the system achieves 
equilibrium and the solution is said to be converged after 
the fourth iteration. 
 

 
 

Fig.10. Starting inside the radius of convergence 
 

 
 

Fig.11. Starting outside the radius of convergence 
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However, it is not guaranteed to converge in all cases. 
Will converge only if the starting configuration is inside 
the radius of convergence (Fig.10). Otherwise, it will 
diverge (Fig.11). The main problem is that the radius of 
convergence is unknown. 
As a general rule, sudden changes to any aspect of a 
system will cause convergence difficulties. One technique 
for overcoming this problem consists in applying load 
incrementally to move the target closer to the start 
(Fig.12). This way greatly reduces the chance to come to 
the divergence, or not to come to convergence. 
 

 
 

Fig.12. Incremental applying of load 
 
3.1. Incremental Newton-Raphson procedure 
 

Material nonlinearities occur because of the nonlinear 
relationship between stress and strain; that is, the stress is 
a nonlinear function of the strain. The relationship is also 
path-dependent (except for the case of nonlinear elasticity 
and hyperelasticity), so that the stress depends on the 
strain history as well as the strain itself. If the analysis 
included path-dependent nonlinearities (such as 
plasticity), then the solution process requires that some 
intermediate steps be in equilibrium in order to correctly 
follow the load path. This is accomplished effectively by 
specifying a step-by-step incremental analysis; i.e., the 
final load vector {Fa} is reached by applying the load in 
increments and performing the Newton-Raphson 
iterations at each step (Eq.5). When a convergent solution 
is achieved into the one step, we can proceed to the next 
step, until the final load {Fa}.  
This procedure is called Incremental Newton-Raphson 
method. Even without a path-dependent nonlinearity, the 
incremental approach is sometimes required in order to 
obtain a solution corresponding to the final load level. 
 

[Kn,i
T]{∆ui} = {Fn

a}–{Fn,i
nr}     (5) 

 

Gde je:  
 

[Kn,i
T] – tangent matrix for time step n, iteration i 

{Fn
a} – total applied force vector at time step n 

{Fn,i
nr} – restoring force vector for time step n, iteration i 

 

Consider the example shown in Fig.13. Because of the 
complex response, it is necessary to apply the load 
incrementally Fa

a, Fb
a, Fc

a, i Fd
a are substep loads, and Fa 

is the final load for which we need to get the convergent 
solution. After the load for Fa

a is converged, then the next 
load is applied, and so on, step by step, until the final load 
Fa. Iteration between the black dotted lines indicate 
equilibrium iterations, and they represent a corrective 
solutions to obtain a converged substep.  
 

 
 

Fig.13. Incremental Newton-Raphson method 
 
Previously presented procedure (regular and incremental) 
are termed full Newton-Raphson procedures. In this 
method, tangent stiffness matrix is updated in every 
iteration, and that require time and system resources. 
Alternatively, can be used: 

 Initial-Stiffness Newton-Raphson method 
 The Modified Newton-Raphson method 

 
3.2. Initial-Stiffness Newton-Raphson method 
 
In this method, shown in Fig.14, tangent stiffness matrix 
is calculated only for the first iteration, and the rest of the 
iterations will only involve the updating of the vector of 
restoring loads {Fi

nr} corresponding to the element 
internal loads and  displacement vector increment {∆ui}.  
 

 
 

Fig.14. Initial-stiffness Newton-Raphson method 
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3.3. Modified Newton-Raphson method 
 

The modified Newton-Raphson iterative solution scheme 
(Fig.15) is a procedure that lies in between the tangent 
stiffness matrix method (i.e. the Incremental Newton-
Raphson method) that reforms the effective stiffness 
matrix for each equilibrium iteration within all the 
time/load steps, and the initial stiffness matrix method 
(the initial stress method) that constructs and factorizes 
the effective stiffness matrix only once. [6] The modified 
Newton-Raphson method performs the reformation of the 
effective stiffness matrix only for the first equilibrium 
iteration within each time step, and the rest of the 
iterations will only involve the updating of the vector of 
restoring loads {Fn,i

nr} corresponding to the element 
internal loads for current, n-th step, and  displacement 
vector increment {∆ui}. 
 

 
 

Fig.15. Modified Newton-Raphson method 
 
4. CONCLUSION 
 
The paper presented several variations of Newton-
Raphson method.  
The full Newton-Raphson iterative solution scheme, or 
the tangent stiffness matrix method, is the basic form of 
all the schemes. In this solution scheme the effective 
stiffness matrix and the right hand side effective load 
vector of the system are reformed or updated for each 
equilibrium iteration within all the time/load steps. The 
advantages of this method are that it is usually more 
effective for problems with strong nonlinearity, and that it 
converges quadratically with respect to the number of 
iterations. Since in general the major cost per equilibrium 
iteration for nonlinear analysis lies in the construction and 
factorization of the effective tangent stiffness matrix, the 
full Newton-Raphson scheme may be more expensive in 
turn of solution time, especially for large-scale problems. 
The modified Newton-Raphson method performs the 
reformation of the effective stiffness matrix only for the 
first equilibrium iteration within each time step, and the 
rest of the iterations will only involve the updating of the 
right-hand side effective load vectors. Since the modified 
Newton-Raphson method involves fewer effective 
stiffness matrix reformations and factorizations, the 
computational cost per iteration for the modified Newton-
Raphson method is usually much less than that for the full 

Newton-Raphson method. It has been observed that for 
problems with mild or moderate nonlinearity, e.g. smooth 
material property or loading condition changes, the 
modified Newton-Raphson method is usually more 
effective. However, for problems with strong 
nonlinearity, e.g. sudden material property or loading 
condition changes, this method may converge very slowly 
or even diverge. 
Newton-Raphson method present the basis for solving of 
nonlinear equations for most of the software involved in 
the nonlinear structural analysis using finite element 
method. Generally, the main goal to be achieved by 
applying of any variant of this method is to obtain a 
converged solution. Incremental and modified Newton-
Raphson methods are more reliable in that mean, because 
they applying load incrementally, in order to achieve the 
converged solution. Difficult problems might require 
many load increments, and many iterations at each load 
increment, to reach convergence. However, when many 
iterations are required, the overall solution time increases. 
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AXIOMATIC DESIGN OF VIBRO-

DIAGNOSTIC SYSTEMS 
 

Miloš MILOVANČEVIČ 
Jelena STEFANOVIĆ MARINOVIĆ 

Boban ANĐELKOVIĆ 
 
Abstract: Axiomatic design shows that the engineering of 
good designs can be taught as a science. There is a 
simple set of underlying rules, or design axioms, on which 
good designs are based. The design axioms provide the 
opportunity for teaching design as a science, in that it is 
based on some simple underlying principles. Taking 
advantage of this opportunity a systematic approach to 
teaching how to engineer and critically evaluate good 
designs has been developed. Case study of vibro-
diagnostic system design according to axiomatic 
principles is described in the paper.   
  
Key words: axiomatic design, vibro-diagnostics  

 
1. INTRODUCTION 
 
Current design practice often describes several phases of 
the design process, beginning with conceptual design, and 
then moving to configuration design, parameter design, 
and tolerance design. While these design phases may 
indicate the increase in resolution of detail in a design, 
there are many overlapping features. The axiomatic 
design approach is more continuous in nature, progressing 
from a necessarily conceptual design to one with 
sufficient detail to allow creation. It is possible to take a 
system developed to a certain level with axiomatic design, 
and proceed with any conventional design method. While 
this may miss some of the benefits of axiomatic design, it 
may allow systems to incorporate some of the valuable 
concepts without supporting the full overhead of the 
axiomatic design process [1, 8, 9, 11, 13, 17, 18, 20, 24]. 
 
2. BASIC ELEMENTS OF AXIOMATIC 

DESIGN 
There are three basic elements that need to be 
comprehended in order to utilize axiomatic design; they 
are: the design axioms, structures, and processes Table 1. 
The axioms are decomposed into the rules or grammar 
that governs design, i.e., the two axioms, already 
mentioned above and the corollaries and theorems [2,3,4].  

Table 1. The three basic elements of engineering design 

Elements Components Details Notes 
Maximize 
Independence 

Decouple 
functional 
elements 

Provides 
Adjustability 
and 
controllability 

Axioms 

Minimize 
Information 

Max. 
probability 
of success 

Provides 
robustness & 
high yield 

Lateral Design 
domains 

Customer-
Functional-
Physical-
Process 

Structures 

Vertical Hierarchies 
in the 

Decompositio
n from 

Zigzagging Between 
functional 
& physical 
domains 

Generation of 
the vertical 
hierarchies 

Processes 

Physical 
integration 

Recomposit
ion 

Construction 
into physical 
systems 

 
The structures are decomposed laterally into the design 
domains and vertically into the design hierarchies. The 
processes consist of decomposition, by zigzagging 
between the design domains down to the "leaf levels" or 
"nitty-gritty," i.e., the most detailed or fundamental level 
of the design hierarchy, and physical integration or 
composition of the final design. 
The lateral decomposition has been called the playing 
field for design, and the axioms, corollaries, and theorems 
called the rules. While the domains are usually presented 
with the customer domain and the process domain, the 
design exercises concentrate on the relationships between 
the Functional Requirements (FRs) and the Design 
Parameters (DPs) in the functional and physical domains. 
The process domain is used as a check to see if a 
reasonable manufacturing process and process variables 
exist. This helps with concurrent or simultaneous 
engineering. Manufacturing process and tool design are 
recast as product design problems aligned with the 
appropriate customer FRs and DPs [5, 6, 7, 10, 12, 14, 15, 
16]. 
 

Functional 
domain 

 Physical 
domain 

 Process 
domain 

What it 
dose? 
Functional 
requirements 
 
FR1 
FR2 
… 
FRn 

 
 
 
↔ 

What it 
looks like? 
Design 
parameters 
 
DP1 
DP2 
… 
DPn 

 
 
 
↔ 

How it is 
made? 
Process 
variables 
 
PV1 
PV2 
… 
PVn 

 
Fig.1. Lateral decomposition of the design structure into 
design domains. The arrows represent mapping between 

the domains. 
 
Defining the FRs properly is essential for a good design. 
The final design cannot be better than the FRs. Engineers 
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have a tendency to jump immediately to physical 
embodiments, DPs, in addressing design problems. The 
result, frequently, is that the FRs are not well defined. 
Understanding the difference between FRs and 
Constraints (Cs) is also essential. Guidelines for these 
requirements are shown in Table 2. 
 
Table 2. Guides for formulating Functional requirements 
FRs, Design parameters DPs, and Constraints Cs 

Functional 
Requirements 
(FRs) 

Design 
Parameters 
(DPs) 

Constraints 
(Cs) 

List of what the 
design should do 

List of what it 
should look like 
(e.g., prints) 

List of what it 
must conform 
to 

Start with verbs Start with nouns  
Satisfy customer 
needs 

Satisfy FRs Define 
boundaries 

Independent 
from other FRS 

One selected for 
each FR 

May be linked 
to several FRs 

Have functional 
tolerances 

Have physical 
tolerances 

Have limits 

Requires a DP  Must not have 
a DP 

Minimum list   
Avoid 
conjunctions 

  

 
3. AXIOMATIC DESIGN THEORY  
 
The underlying hypothesis of the Axiomatic Design ADT 
[2,3] is that there exist fundamental principles that govern 
good design practice. The main distinguishable 
components of the ADT are domains, hierarchies, and 
design axioms. The foundation axioms are: 
 

Axiom 1. Maintain the independence of the functional 
requirements. 
Axiom 2. Minimize the information content of the design. 
 

Axiom 1 requires that Functional Requirements (FRs) be 
independent of one another, which enables each FR to be 
satisfied without affecting any of the other FRs. Thus 
there is no coupling of function where it can be avoided, 
and the design remains as uncomplicated as possible. 
Axiom 2 provides a quantitative measure of the merits of 
a given design, and thus it is useful in selecting the best 
among the designs which satisfy axiom one [3]. 
Generally, the design that uses the least information is 
superior. This is explained in more detail later in this 
section.  
According to the ADT, the design process takes place in 
four domains (Fig. 2, adapted from Tate [1999] and Suh 
[2001]): Customer, Functional, Physical and Process. 
Through a series of iterations, the design process converts 
customer's needs (CNs) into Functional Requirements 
(FRs) and constraints (Cs), which in turn are embodied 
into Design Parameters (DPs). Functional Requirements 
can be defined as "a minimum set of independent 
requirements that completely characterises the functional 
needs of the product in the functional domain"; Design 
Parameters are "the key physical variables in the physical 
domain that characterise the design that specifies the FRs" 

[19, 21, 22, 23, 25, 26, 27, 28, 29, 30, 31, 32, 33]. DPs 
determine (but also can be affected by) the manufacturing 
or Process Variables (PVs).  
 

 
 

Fig.2. Decomposition by zigzagging 
 
The decomposition process starts with the decomposition 
of the overall functional requirement—in practice this 
should correspond to the top system requirement. Before 
decomposing a FR at a particular hierarchical level in the 
functional domain, the corresponding DP must be 
determined for the same hierarchical level in the physical 
domain. This iterative process is called zigzagging (see 
also Tate [1999] for amore thorough treatment of the 
decomposition problem). 
Zigzagging also involves the other domains since 
manufacturing considerations may constrain design de-
cisions, while "over-specified" requirements could vir-
tually prohibit the discovery of feasible design solutions. 
At each level of the design hierarchy, the relations (the 
dependencies) between the FRs and the DPs can be 
represented in an equation of the form: 
 

{ } [ ] { }DPAFR ⋅=   (1) 
 

where each element of the design matrix [A] can be 
expressed as A = dFR/dDPj (i=1,...,m and j = 1,., n). 
Equation (1) is called the design equation and can be 
interpreted as "choosing the right set of DPs to satisfy 
given FRs." This is required by Axiom 1 (Independence). 
Each element Ay is represented as a partial derivative to 
indicate dependency of a FRi on a DPj. For simplicity the 
value of an element Ay can be expressed as 0 (i.e., the 
functional requirement does not depend on the particular 
design parameter), or otherwise X.  
 Uncoupled design occurs when each FR is satisfied by 
exactly one DP.The resulting matrix is diagonal, and the 
design equation has an exact solution; i.e., Axiom 1 is 
satisfied. When the design matrix is lower triangular, the 
resulting design is decoupled, which means that a 
sequence exists, where by adjusting DPs in a certain 
order, the FRs can be satisfied. The design matrix of a 
coupled design contains mostly nonzero elements, and 
thus the FRs cannot be satisfied independently. A coupled 
design can be decoupled, for example, by adding 
components to carry out specific functions—however, 
this comes at a price. 
Depending on the type of resulting design matrix [A], 
three types of designs exist: uncoupled, decoupled and 
coupled (Fig. 3). 
One additional factor that affects coupling is the number 
of FRs, m, relative to the number of DPs, n. If m > n, then 
the design is either coupled or the FRs cannot be satisfied. 
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If m < n, then the design is redundant. (Note that in both 
cases the design matrix [A] is not square.) 
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Fig.3. Examples of design types. From to bottom: 
Uncoupled, Decoupled, and Coupled Design. 

 
In addition to the design axioms, ADT is governed by a 
set of rules, which are formalized into theorems and 
corollaries.  
Of particularly relevance to this research are Corollary 3 
and Theorem 5 which originate from the first axiom 
(Independence): 
Corollary 3 states: "Integrate design features in a single 
physical part if the functional requirements (FRs) can be 
independently satisfied in the proposed solution." 
Theorem 5 states: "When a given set of FRs is changed by 
the addition of a new FR, by substituting one of the FRs 
with a new one, or by selection of a completely different 
set of FRs, the design solution given by the original DPs 
cannot satisfy the new set of FRs. Consequently, a new 
design solution must be sought." 
The Second Design Axiom states that minimizing the 
information content of a DP increases the probability of 
success of satisfying a function. The information content 
is defined by the equation 
In design range is the tolerance within which the DP can 
vary; system range is the capability of the 
(manufacturing) system; common range is the overlap 
between design and system ranges, and specifies the 
range within which the FR(s) can be met [3]. The 
information content of a system can be computed by 
summation of the individual information contents of all 
DPs only if the latter are probabilistically independent. 
Frey, Jahangir, and Engelhard [2000] proved that simple 
summation cannot be performed for decoupled designs 
and offered a method for computing information content. 
There is no exact method for computing the information 
content of coupled designs. 
 
4. AXIOMATIC VIBRO-DIAGNOSTIC 

SYSTEM DESIGN 
 
The vibro-diagnostic is designed for an industrial 
customer, who is in the business of producing clean 

drinking water to make a profit. Therefore, the general 
customer requirements are to generate profit as efficiently 
as possible. In order to achieve that goal it is necessary to 
obtain continues water splay, meaning to avoid any 
malfunctions on pump aggregates. Vibro-diagnostic has 
been chosen to determent running condition order of 
pump aggregates. To decompose the necessary system, a 
basic model of the economics is: 
Functional Requirements 

(FRs) 
Design Parameters (DPs) 

 
Vibro-diagnostics of pump 

aggregates while 
maximizing return of 

investment 

 
Vibro-diagnostic system 

 
Investment must be made in equipment to allow 
production; therefore the goal of the customer is to 
maximize the return on this investment. The various 
components of the return are decomposed into sub 
requirements, forming the first set of branch FRs which 
are mapped to DPs according to the Independence Axiom 
and the Information Axiom. The decomposition is shown 
below in Table 3. 
 
Table 3. First branch vibro-diagnostic system 
decomposition of FR/DP low-cost, high performance 
system 

 Functional 
Requirements (FRs) Design Parameters (DPs) 

1 High performance 
High level of 
performance and 
adaptability 

2 Low cost Minimal number of 
components 

3 Mobility Minimal configuration 
PC dependent 

 
First of all, the authors obtain and separate the main 
requirements to develop a vibro-diagnostic system. These 
requirements are: 

 High performance  
 Low cost  
 Mobility and 
 Facility of handling   
 The independence axiom 

 
This axiom consists in the searching process of a matrix 
which relates the functional FR requirements -minimum 
set of independent requirements that completely fulfill the 
design objective- to the design DP parameters -physical 
solutions-[3]. 
 

{ } [ ] { } 11 pxDPmxpAmxFR ⋅=      (3) 
 

This axiom is not fulfilled until the resultant matrix [A] is 
a diagonal matrix (uncoupled design) or a triangle matrix 
(decoupled design). These kinds of matrices allow us to 
keep control of the variables involved in the solution 
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process of the design. For the case of study, which is a 
vibro-diagnostic system, the FRs are: 
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where FR1 is the requirement of high performance, FR2 
is related to low cost of system, FR3 is related to system 
mobility and FR4 is the parameter which determines 
facility of handling. For this last requirement we apply 
selection criteria on the base of the human resource ii 
costumer company. 
It is easy to notice that the last requirement can not be 
evaluated by means of the first axiom, because the 
independence axiom relates functional requirements to 
design parameters, and it is not possible to relate different 
values to every alternative. This could be solved by means 
of the second axiom, therefore: 
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And the design parameters are: 
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Where DP1 is related high performance, DP2 is related to 
the system cost, and DP3 is related to the system 
mobility. By substituting FR and DP in equation (1) as 
follows: 
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Second part of axiomatic design is subjected to designer’s 
previous knowledge and technical restraints. Based on 
experience in creating minimal configuration design, 
“singe chipset” design is best option in optimizing 
technical performance and design simplicity. In order to 
create minimal vibro-diagnostic system, microcontroller 
has been selected as unit that will provide data acquisition 
and signal processing. Type of microcontroller will be 
selected base on technical performances that must be 
fulfilled which are strictly determent by standard ISO 
10816-7. 
 
5. OPTIMAL CONFIGURATION FOR 

CONDITION MONITORING  
 
The data collection system for a wind generator consists 
of several sensor units attached to data-collecting units. 
There can be one or more collector units all having one or 

more sensor units connected. In order to keep the sensors 
inexpensive, they are based on a simple microcontroller 
with no external memory. Therefore, the collector units 
provide a temporary storage for the measurement data. If 
a particular measurement generates data more than the 
internal RAM of the microcontroller can store, the data 
transmission between the sensor unit and the collector 
unit has to be real time. However, the data transmission 
from the collector unit onward can be slower and can be 
packet-based. 
The advantages of a multi-channel collector unit 
realization include simple communications protocol, 
because each transmission line has only one 
communicating pair, the collector unit and the sensor unit. 
Furthermore, the interface between the sensor unit and the 
transmission cable can be made fixed (i.e. connector-less) 
thus making the connection both more reliable and less 
expensive. In the case of the bus-based realization, the 
connections can be made fixed, too, but this makes it very 
difficult to modify an existing system. Moreover, in the 
case of the multi-channel collector unit, the whole system 
is more reliable, since a defect in one spot of the cable 
cancels the connection between the collector unit and one 
sensor unit only, instead of, in the worst case, making all 
of the sensors unavailable to the collector unit.  
The PIC architecture is distinctively minimalist. It is 
characterized by the following features: 

 Separate code and data spaces (Harvard architecture) 
 A small number of fixed length instructions 
 Most instructions are single cycle execution (4 clock 
cycles), with single delay cycles upon branches and 
skips 

 A single accumulator (W), the use of which (as source 
operand) is implied (i.e. is not encoded in the opcode) 

 All RAM locations function as registers as both source 
and/or destination of math and other functions. 

 A hardware stack for storing return addresses 
 A fairly small amount of addressable data space 
(typically 256 bytes), extended through banking 

 Data space mapped CPU, port, and peripheral registers 
 The program counter is also mapped into the data 
space and writable (this is used to implement indirect 
jumps). 

Unlike most other CPUs, there is no distinction between 
memory space and register space because the RAM serves 
the job of both memory and registers, and the RAM is 
usually just referred to as the register file or simply as the 
registers. 
 

5.1. Data acquisition process 
 

The collector unit acts as a master on the sensor bus. Only 
by its request can a sensor unit start sending data. The 
collector unit initiates the data transfer by sending an 
attention sequence followed by the number of the sensor 
the request is addressed to and the number of the 
measurement wanted. After sending the request, the 
collector unit starts to listen for incoming data from the 
sensor bus and storing it to the memory. When there is a 
pause long enough in the incoming data or the 
transmission has exceeded a specified time limit, the 
collector unit deems the transmission is finished. The 
number of the sensor and the measurement as well as the 
start address of the storing of the measurement can be set 
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by the user of the collector unit. Also, the amount of data 
the measurement should generate can be set, which makes 
it possible for the collector unit to judge whether the 
measurement was successful or not. On the whole, the 
collector unit is versatile in the sense that it can be used to 
retrieve data from many different types of sensors or other 
devices [2]. 
There are several possibilities as to realizing communica-
tions from the collector unit to a higher level in the 
information infrastructure. Installing new cables is not 
usually economically feasible. Instead, wireless 
communications or existing infrastructure, such as field 
buses or power cabling, can be used. In the developed 
system, the physical link was implemented with a similar 
RS-232 connection as in the case of the sensor bus. A 
photograph of a collector unit is in Fig. 4.  
 

 
 

Fig.4. Optimal PIC based monitoring system 
 
Optimal micros system is presented in Fig.1. is presented 
disassembled, system has main board, where 
microcontroller is placed and added small board with 
ADC which is connected to main board thought SPI 
communication protocol.  
 
6. CONCLUSIONS 
 
The axiomatic design method is a powerful tool in the 
engineering design. The advantages of using this tool lie 
in the minimum correction stages posterior to the 
conceptual design. This approach also appears to provide 
a level of control and transparency to the systems design 
process, and gives the systems architect the opportunity to 
study proposed changes before they are made, and to 
understand how any such change(s) may produce a 
knock-on effect throughout the design solution. Paper also 
describes the application of the axiomatic design method 
on minimal configuration vibro-diagnostic system 
development. In this view, further development, 
evaluation and validation of the method, as well as a 
specification of the requirements for a decomposition tool 
form the scope of our future work. 
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Abstract: Advanced manufacturing technologies, and 
programmable machines such as industrial robots, are 
used to increase productivity and quality for 
competitiveness on a global market. Development of 
increasingly flexible manufacturing systems has resulted 
in an increasing importance of software aspects, both on 
a system level and for efficient interaction with human 
operators. Trends toward providing customized products 
increase the need for flexibility, which implies a need to 
build modular systems that are flexible enough to handle 
frequent changes in production operations and product 
designs.One of the basic elements of the robot is a robot 
control, which is defined as all the technology needed to 
control the electromechanical system of industrial robots. 
Modeling, identification and model-based control can 
reduce the cost of the robot, to increase efficiency. It is 
possible to increase the resolution of requests from new 
concepts and new automation application process. 
Model-based management, compensation, fault 
kinematics, optimal power management means a lot to 
use robots in industry. In the future, is expected to 
increase the importance of different sensors and thus 
increase intelligence of robot and its work in an industrial 
environment.[1],[2] 
 
Key words: Robot, Intelligent, Pendant, Mechatronic  
 
 
1. INTRODUCTION 
 
There are many interpretations of what the boundaries of 
controlling an industrial robot. Some of them have set up 
industrial robotics pioneers Sciavicco Siciliano (2000). 
Since the industrial robot consists of at least 6 servo 
motors, most of the control is exactly the servo 
mechanisms, robot arm joints. This work will be based on 
a broader definition of the types of management, which 
includes modeling, identification, trajectory design, 
planning and learning. 
Increasing the use of robots in manufacturing facilities for 
its flexibility and its ability to easily reschedule. The main 

obstacle in robotics applications is to minimize positional 
errors when under real operating conditions. This means 
that robots should do exactly the conditions loaded at any 
place within the working envelope.  
Serving automotive industry primarily for forty years with 
focused applications like spot welding, arc welding, 
painting and material handling, robotics industry 
nowadays faces increased challenges internally and 
externally. Technology maturity in dominant applications 
has shifted the competition almost entirely on the cost. In 
the same time, the cyclical downturn of automobile 
industry continues to trouble the robot industry. 
 
2. TYPES OF INDUSTRIAL ROBOTS 
 
Industrial robots are widely used in manufacturing and 
assembly tasks such as simple material handling, spot/arc 
welding, parts assembly, and spray painting. They are 
used in space and undersea applications, and in hazardous 
applications. The manipulator is composed of the main 
frame (the arm) and the wrist, each having three degrees 
of freedom, or axes of motion. Structurally, the robots can 
be classified according to the coordinate system of the 
main frame: 
Cartesian:  Three linear axes. The main frame of 
Cartesian coordinate robots consists of three orthogonal 
linear axes.  
Cylindrical:  Two linear and one rotary axis. The main 
frame of cylindrical coordinate robots consists of a 
horizontal arm mounted on a vertical column which, in 
turn, is mounted on a rotary base.  
Spherical:  One linear and two rotary axes. The kinematic 
configuration of spherical, or polar, coordinate robot arm 
is similar to the turret of a tank. [4].  
Articulated or Jointed:  Three rotary axes. Articulated 
robots consist of three rigid members connected by two 
revolute joints and mounted on a rotary base.  
 

2.1. Driving Motors of Robot 
 

The manipulator joints can be driven directly or 
indirectly.  With direct drive, the joint shaft is coupled to 
the rotor of the drive motor. With indirect drive, the  joint  
is  connected  to  the  drive  motor  through  a  
transmission  mechanism. Direct drive might provide 
better positioning accuracy since the intermediate gearing 
is eliminated and consequently the mechanism is free of 
backlash and hysteresis. But the main drawback of direct 
drive manipulators is that the motors, which drive the 
joints, are themselves a load for the motors at the lower 
joints (i.e. joints closer to the base). The leadscrew 
mechanism is used in most of the robots in recent years. 
Comparing this to other gearing systems, such as worm 
gear or harmonic drive, the leadscrew mechanism 
provides a zero backlash and stiffer driving system. 
 

2.2. End Effector of Robot 
 

The end effector is connected to the main frame of the 
robot through the wrist. A typical wrist including three 
rotary axes allowing roll, pitch and yaw. Although most 
wrists use three rotary axes, there are applications, which 
require only two axes of motion. The wrist should be 
designed to be as light as possible. Reductions of weight 
at the wrist increase the maximum allowable load and 
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reduce the moment of inertia, which improves the 
dynamic performance of the robot arm. 
End effectors fall into two categories: grippers and tools 
for process applications, such as welding torches, painting 
guns, drills, and grinders. Grippers are used in handling, 
machine loading, and assembly applications.  In  most 
grippers  the  mechanism  is  actuated  by  a  pneumatic  
piston,  which  moves  the gripper fingers.  
 

2.3. Programming of Robots 
 

To state an algorithm, it is necessary, of course, to be able 
to write it down and express it logically, but it is also 
necessary, if it is to be executed by a machine, to state the 
algorithm in terms of some programming language. There 
are three methods used in the development of software for 
industrial or personal robots. 
First method is the teaching method. This method consists 
in showing a robot what to do, with an accessory called 
“teaching pendant”. 
The second method of programming a robot is the 
comprehensive method. This method is known in the 
industry as “world modeling” method. Instead of showing 
a robot what to do, this method simulates a robot 
procedure using three- dimensional geometric models.  
The third method consists of a robot and computer 
programming language. In most cases, a high-level 
programming language is used along with a suitable 
subset of motion and manipulation commands. The focus 
of this method is on the end-effector or manipulator, and 
on the instructions of what the end-effector is to do in 
each step of the way. There are various kinds of 
programming languages used in robotics. 
Lozano–P´erez   divided programming systems into three 
categories:  
a. guiding systems,  
b. robot–level programming systems and  
c. Task–level programming systems.  
a. For guiding systems the robot was manually moved to 

each desired position and the joint positions 
recorded.[6], [7]  

b. For robot–level systems a programming language was 
pro- vided with the robot.  

c. Finally, task–level systems specified the goals to be 
achieved (for example, the positions of objects) 

 
Fig.1. A robot programming system may use automatic or 

manual programming. 

By contrast, this paper divides the field of robot 
programming into automatic programming, manual 
programming and software architectures, as shown in Fig. 
1. The first two distinguish programming according to the 
actual method used, which is the crucial distinction for 
users and programmers. In automatic programming 

systems the user/programmer has little or no direct control 
over the robot code. These include learning systems, 
Programming by Demonstration and Instructive. 
Users of manual programming systems must create the 
robot program by hand, which is typically performed 
without the robot. The finished program is loaded into the 
robot afterwards.  

 
Fig.2. Categories of manual programming systems 

 
Fig.3. Categories of automatic programming systems 

 
The automatic programming of robots is based on 
learning systems, demonstration systems or instructive 
systems. As the result of automatic programming robot 
generates work program for robot action. In the case of 
industrial robots, the programming by demonstration, 
using teach pendant, is more common. The demonstrated 
by operator reference trajectory for the manipulator, will 
be automatically stored  to robot’s memory and will be 
later exactly executed by the programmed control of the 
robot.[9] 
Each robot is programmed in a convenient robot 
language. Different programming languages of  industrial  
robots  have  relatively  similar  structure  and  similar  
systems  of  commands. Because of this, the acquired 
programming skills can be used for future programming 
in other languages.[10]  
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In the Laboratory Intelligent Systems, the programming 
languages SPORT S3 for programming of an ABB robot. 
Normally the instructions (commands) for robot 
programming are divided between the following groups: 
Instructions for motion control and positioning 
(location) contain information about positioning location, 
co-ordinates, trajectory interpolation, tool motion speed 
and time intervals (timers). 
Instruction for program control contains information 
about program start and stop, branching and cycle 
repeating, event counting and program interruption 
conditions. 
Instructions for gripper or tool control contain 
information about the gripper closing and opening 
conditions, sometimes about force control of tool or 
gripper fingers. [10] 
Input and output instructions contain information 
for input and output signal control and for 
cooperation with other machines and devices in the 
robot system. 
Communication instructions for data communication 
and transfer of robot’s inner information to the computer. 
Other instructions parameter settings, program selection, 
resetting of fault information, etc. [10] 
 

 

Fig.4. Main Screen for SPORT S3 software 

Program Example: 
 
100 SOFTSERVO 1  Activate soft servo 
110 POS V = 100% PATH  Position 
130 JUMP TO 300 IF N INPOS Jump if the position  
FINE    is incorrect 
140 SOFTSERVO 0  Deactivate soft servo 
150…    Assembly is correct 
300 POS V = 100% PATH Assembly is not  
Correct. Move the tool to free space and make error 
handling 
310 SOFT SERVO 0   
320 ….. 
The instruction can be used to check if the robot has 
reached the desired position or not. If the position is not 
reached, a jump is made in the program and correction or 
the error can be done. [8] 

Structured off-line programming 

SPORTS3 organizes complete packages containing robot 
program, registers and parameters. These packages and 
projects are normally related to different applications and 
are stored on the personal computer under comprehensive 
names.  

Structured factory control 
SPORTS3 views a list of all the robots where the active 
robot can easily be selected. SPORTS3 can also be 
accessed via internet using a remote computer. This 
enables the possibility for remote controlling and 
monitoring of your robots e.g.. from your home computer 
hence simplifying 24 hours continuous production. 

 

Fig.5. Principle diagram ABB IRB 2000 

New approach for supervised robot programming, which 
allows new field of application of industrial robots, in the 
near future is automatization of manufacturing processes 
with industrial robots in small and medium sized 
enterprise and would be common. Instead of a costly, but 
fully automated solution, which works only from CAD 
model of workpiece and does not provide 100% satisfying 
result, an operator is involved in robot programming.  The 
result is a 90% automated solution with the expertise of 
the worker. This interactive vision-based robot 
programming adds the required information into the 
Offline programming environment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.6. Concept of Saphir (Supervised and Adaptive 
Programming of Industrial Robots) 
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An automated system cannot fully replace a worker in the 
above mentioned situations. The expertise of the worker 
can be added to manufacturing process, which results a 
90% automated system. The workers’ eye is replaced with 
a camera and the workers’ arm is replaced with the 
industrial robot. This concept can be seen in Figure 3. 
(Full citation) [6].  
 
3. CONCLUSION 
 
The examples given in this paper show that robot control 
and then especially model-based robot control is a 
fundamental element in the development of industrial 
robotics. Thus, robot control development has made it 
possible to improve the quality of robot based 
manufacturing and increase the productivity of robot 
automation. In order to increase the use of industrial 
robots, further robot control development is needed, 
especially with respect to sensor-based control. This is 
necessary both for higher robot performance, for lower 
robot cost, and for the automation of new applications. 
With more sensors and higher robot safety, intuitive 
interactive robot programming, and calibration may be 
important for manufacturing of products in small lot sizes. 
These innovations require a deep understanding from both 
researchers and product developers about the application 
problems, which usually can be obtained only if the real 
problems are studied in a manufacturing environment. 
Robot control is a technology that will have a big impact 
also on future robot products and automation systems if it 
is developed with full knowledge of new applications, 
industry segments, robot products, robotics research, 
enabling technology, and automatic control. 
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Abstract: In this paper are given analysis of the reliability 
as a very important criterion for the machine parts when 
they are functioning in the normal and special working 
conditions. There are two ways to defining the reliability 
of the machine parts: reliability defines with the number 
of the failure in the phase of the working conditions, and 
the reliability defining on the phase of the design the 
parts. The second approach is very important for the 
designer’s of the machine parts. In this case, the main 
goal of the reliability researching is on the cam 
mechanisms with the parts usually implementing in 
precision instruments and tools for combine and 
transforming complex movements of the working 
elements. For that purpose, software program 
NADEZ.PAS was designed in program language DELPHI 
for defining the kinematics, dynamic and strain-stress 
condition of the cam mechanism, and calculated the 
reliability with visual overview. 
 
Key words: cam mechanisms, reliability, design process, 
dynamics, strain-stress condition 
 

1. INTRODUCTION 
Cam mechanisms are machines widely used in technical 
applications due to reduced constructive complexity, 
consisting of only two mobile elements, the cam as 
mechanically driver element and the follower as driven 
element. The main advantage of these mechanisms is that, 
by an appropriate cam design, the driven element can 
carry out any imposed motion. The major disadvantage of 
these mechanisms consists in the presence of the cam-
follower higher pair. This kinematical joint is 
characterized by occurrence of contact pressures that 
subjects the materials to important stresses in the 
immediate vicinity of the contact. In addition, the vast 
majority of mechanisms have a periodic motion, 
conducting to periodic loading for both cam and follower 
and therefore to fatigue phenomenon. 

Reliability as a criterion is particularly important in 
mechanical assemblies in which the request is set for 
correct and accurate operation for a specified time period. 
Determining the reliability of a technical system is done 
in two basic type’s reliability determined by monitoring 
the number of delays in the phase of exploitation or 
reliability specified in the design phase.  This second type 
is of particular importance for constructors and as such 
will be discussed in the paper applied the cam 
mechanisms. 
Reliability of an element is a statistical category and is 
defined as a probability of correct functioning of a unit. A 
basic parameter in the design of the cams in terms of their 
reliability is the degree of security against the occurrence 
of pitting SH. 
Without entering into detailed basic principles and 
concepts of statistics that directly apply to the 
performance of the mathematical model that predicts 
reliability in the design phase of the cams will be given in 
brief basic parameters for calculation. 
The degree of security is regarding the dynamic resistance 
of the material and the working stress. Working stress 
(Hertz-t surface pressure) of the contact surfaces of the 
profile of the cam and the executive member are prone to 
breaking - changing its values for the change of dynamic 
loads, uneven distribution of loads along the profile over 
the work. On the other hand, dynamic endurance of the 
material from which made the cam mechanism has shown 
also breaking up the values for deviation from the 
technology of obtaining the material, thermal processing 
and others. Thus, one and the other stress are random 
variables and subject to the laws of probability and 
statistics. Given their nature, they are distributed 
according to the normal law of distribution. The fig.1 
given density of probability )( limHf σ  and )( Hf σ .  

For a better overview is given in Table 1 - values of 
)( limHf σ   and )( Hf σ . The corresponding mean 

values  are limHσ  , Hσ  and medium square deviations 

is 
limHσσ  , 

Hσσ  . 

 
Fig.1. Normal distribution of  the stress  probability  

 
From the proper enforcement of normal distribution of 
two distinct sizes, according to the statistical law which 
and their correlation will have the same low distribution 
follows: 
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Table 1. 
Material )( limHf σ  )( Hf σ  
C0545 315 440 
C0645 370 520 
C1530 470 580 
C1731 430 615 
C4130 620 790 
C1531 1015 1355 
C4732 1085 1387 
C4320 1300 1650 
C5420 1300 1650 

CL0545 275 420 
SL20 290 370 
SL25 325 430 

 
The probability of destruction )()( 1lim PHHH UP Φ=>σσ  
are shown in the Table 2. 

Table 2. 
P% 0.01 0.1 0.3 0.5 0.8 1 2 
Up 3.74 3.11 2.75 2.58 2.41 2.33 2.05 
P% 3 5 10 15 20 25 30 
Up 1.88 1.65 1.29 1.04 0.84 0.67 0.52 
P% 45 50 
Up 0.13 0 

 
From equation (1),  the value Up can be expressed by a 
degree of security if the numerator and dominator are 
divided by the stress gets: 
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coefficients of variation of dynamic resistance and stress 
of profile from the cam. 
The required degree of security based on average stress 
values are determined by 

( ) ( )( )
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when with the known values limHσυ  and Hσυ  can be 
determine the degree of security corresponding to the 
given probability of destruction p%. Thus avoids the 
choice of the degree of security in orientation, which is 
mostly in wide limits. It is consequently economical 
dimensioning and designing shore in terms of surface 
pressure of cam. 
Procedure exposed in previous statements will be used in 
the rational design of cam profile in terms of given 
(desired) probability of destruction. 
The criterion of the probability of destruction, i.e. 
reliability will enable accurate definition of the limit of 
working conditions, i.e. angular velocity of the cam which 
is no guarantee that arises from the destruction of cam 
profile.    

2. CONSTRUCTION OF THE CAM PROFILE 
Construction of the cam profile is done by fully 
automated CAD procedures. Algorithms  are made for its 
design as follows: module for profiling the cam, the 
module kinematics, kinetostatic module and module for 
dynamic analysis. The results of these modules are used 
as input for further calculations and also are used in the 
module reliability. It should be noted that when creating 
the profile of cam needed to define the path of movement 
of follower which in this case is vertical loader to roll, i.e. 
touch the profile is relatively rolling round on the fault 
surface.  
As a choice path of movement is selected following 
article is: 

 Cycloid, 
 Harmonic  
 Polynomials 

 These trajectories are trajectories which have been 
constructed from Kloomok i Muffley and they have 
defined in all continued function, thus changing the 
acceleration gradually to the final end. Example of a 
defined profile of the cam for a defined trajectory of 
motion with kinetostatic analysis is given in Figure 2. 
After defining the profile of cam and executing kinematic 
and dynamic analyzes can approach on the analysis of 
existing designed profile of terms the own reliability. For 
this purpose is explained below module reliability. 
 

 
 

 
Fig.2.Trajectory of motion with the profile of cam  

If we analyze kinematics and kinetostatic of cam 
mechanism shown in fig.3 we notice that main's 
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geometrical parameters are constant characteristics that 
together with the law of motion are control's the cam’s 
size and shape. The presence of acceleration 
discontinuities will induce shocks in mechanism’s 
operation and finite variations of the radius of curvature 
for the cam. This fact adds more complexity to the 
calculation for contact strength of the mechanism. In the 
Hertz contact theory of line, the contact pressure is 
calculated based on the assumption of continuous 
variation of the radius of curvature. 

 

 

Fig.3.Kinematic and kinetostatik of cam mechanism 

Further more, for the calculation the deformations; there 
are not available existing general analytical relations. The 
calculations of the deformations are made either via 
empirical relations or by relations applicable for narrow 
domains of the variables.  

3. MODULE RELIABILITY 
This module analyzes the cams mechanism based on 
reliability in terms of the degree of security against the 
occurrence of pitting. As mentioned, reliability is a 
statistical category which is analyzed from the aspects of 
the degree of security in terms of dynamic durable 
material and the working stresses. 
 As the input sizes in this module are: outputs from the 
module which are synthesize the cam depending on the 
type of cam mechanism, outputs from the module of 
geometric features on the cam mechanism complemented 
with a choice of the material. The value of quintile is the 
desired amount of destruction and the width of cam 
profile. Output is the value of the required degree of 
security based on mean value and the actual degree of 

security. This allows accurately defining the borders of 
operating conditions. i.e. magnitude of the angular 
velocity of the cam which is a guarantee that will occur 
profile destruction. 
In the figure 4 is shown block diagram of this module. 
One of the biggest disadvantages of cams mechanisms is 
limited speed of rotation of the cam because of the 
intensity of wear surface of the cam profile. 
That will be performed the research to determine the 
maximum (limit) speed of rotation of the cam according 
to the criterion of satisfactory reliability, i.e. probability 
of destruction of 1%. Analyzed functions of the inertial 
force changes strength in the spring, the total force in the 
contact profile and rotation speed profile n = 1300 min-1. 
In this mode the cam mechanism is still satisfied with the 
criteria for a sufficient degree of certainty about the likely 
destruction of 1%. It is evident that the first option is to 
change the way gives the best results in terms of 
reliability the probability of destruction of 1%. 
 
 

 
Fig.4. Block diagram for module RELIABILITY 

When the cam mode with n = 1400 (min-1) and the 
reliability of 99% is not achieved, the setting criterion 
when designing the coast is not achieved and this is the 
speed that the cam may not have the normal exploitation. 

Graphical display of the changing real degree of security 
regarding the mode with a permissible degree of high 
reliability by changing the number of rotation in the range 
of n = 500 (min-1) to n = 1800 (min-1) is given on figure 
5. 

Examples when profiling the cam profile is used with the 
preset path of motion are given in Table 3. 
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Table 3. 

 
 
With this kind of approach to profiling the cam profile 
provides more opportunities in the design phase. Also, it 
allows observing possible error's of the cam that would 
lead to complete cancellation of the cam mechanism due 
to the occurrence of pitting-destruction of the lateral 
contact surface of the cam profile. 
 

 
 

Fig.5. Changing real degree of high reliability mode by 
changing the number of rotation 

 
The criterion of reliability for speed n=1400 min-1 
analyzed the function of motion (Table 3) in the follower 
user is: 

[ ] (4)                       811.1876.1 =>= ISOHH SS
 
while the criterion of reliability for speed rotation of 
n=1400 min-1 is: 

[ ] (5)                      811.1742.1 =<= ISOHH SS  
 
This calculation shows that the condition of the analyzed 
cam profile is very sensitive of the pitting occurrence, 
which means it need to be amended accordingly to 
construct a new profile of cam to satisfy the laws of 
motion of the follower article. 
 
4. CONCLUSION 
In this presentation is shown a different aspect of the 
analysis work on the cam mechanism likely to occur 
demolition of the side surfaces of the profile, and thus the 
maximum to meet the basic function of cam.  
Considered approach inevitably reflected in the choice of 
mode of operation of cams. i.e. limit angular velocity and 
also affects the very design of the profile. 
On this way enabled when the constructor is in the phase 
still under design, to simulate the profile of the cam and 
thus come to the conclusion whether the given profile 
meets the requirements for the coming work of the cam 
mechanism. 
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2.1. MECHANISATION IN VEGETABLE 
PRODUCTION 

 

How are the basic guidelines for the development of 
economic activity shifted to the intensive production, the 
use of technical means is the basis for meeting the high 
criteria that were imposed in modern agriculture. There is 
a need for machines to form simultaneous beams and 

ground covering and set up systems for drip irrigation, 
machine tools to facilitate handling and storage, as well as 
machines for mechanized formation of mini tunnels. 
Presumed purpose of furnishing agricultural 
mechanization in vegetable production for the next five 
years, with a focus on 2011th year are listed in Table 1.

 
 

Fig.2. Graphical representation of certain types of vegetable yield per hectare  

Using mechanized planting achieves much greater effect 
on every employee, served by a machine for planting, as 
compared to manual planting. It is significant that ensures 
accurate distribution of seedlings planted within and 
between rows, and planting depth, and all contributes to 
easier and better performance of other farming operations 
in the growing season. Mechanized production requires 
the addition of specific varieties and good prepare land 
and precise seeding (as opposed to garden production), on 
a flat surface or joists to maintain optimum crop 
canopy. In addition to cultivated mechanization in Serbia 
in recent years in expanding the production of vegetables 
in greenhouses. In the course of 2010. was marked 
stagnation area under protected area, in the modern 
greenhouses block type and tunnel type of small objects 
(Nikolic et al, 2010). Seedling production represents one 
of the most sensitive stage in the production of some 
vegetables because of its high performing, using 
seedlings. Planting seedlings in small areas should be 
done mechanically which leads to better results for each 
employee in relation to manual planting. Growing 
vegetables with the use of planting seedlings has many 
advantages compared to direct seeding, which are 
reflected in the earlier harvests since the seedlings 
produced in greenhouses, greater crop uniformity, 
consistency of maturities, higher yield and more cost-
effective use of plant seeds. Growing vegetables with the 
use of planting seedlings has many advantages compared 
to direct seeding, which are reflected in the earlier 
harvests since the seedlings produced in greenhouses, 
greater crop uniformity, consistency of maturities, higher 
yield and more cost-effective use of plant seeds. In the  
 

Table 1: The needs of mechanization in vegetable 
production equipment in 2011. year (Nikolic et al, 2010) 

Agricultural mechanization 
Presumed  
needs (com) 
2011-2015 

Machine for forming beams 3 m 100 
Machine for forming minibed 1.5 m 35 
Pneumatic seed drills for planting in 
double rows 25 

Potato seedlings with roots about  
snowball substrate 4 lines 10 

Self-propelled harvester for peas 10 
Self-propelled harvester for corn 4 
rows 20 

Extruded corn harvester 1-2 rows  8 
 Combine green beans for 3 m 20 
Combine green beans for 0,5 m 10 
Combine the tomato harvest 10 
Combine the carrot root harvesting 
pull out type 10 

Combine the carrot root harvesting u
ndermine the type 10 

Platform for semi harvesting 8 m 60 
Machines for forming low tunnels 30 
Machines for forming beams and 
ground covering 50 

Machinery for setting and collecting 
agro textiles 50 

Block greenhouses / plastic houses 15 ha 
Greenhouses in the form of high 
tunnels 150 ha 
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production of seedlings require high expertise in all 
phases of the production process. Because of the 
shortcomings of classical systems for the production of 
seedlings all over the way in application container where 
the seedlings develop in the soil substrate which pervades 
the root system and the substrate together with the 
planting. 
In the vegetable seedling production with containers, 
there are two types of containers: 

 made of polystyrene – foam and 
 made of hard plastic. 

The most common sizes of containers are: length 500-600 
mm, width from 300 to 400 mm and height 80 mm. 
Number of cells in the container ranges from several tens 
to several hundreds. Cells may have different forms in 
which the most commonly used in the form of inverted 
truncated cone and truncated pyramid. These forms make 
it easy to exclude, remove, seedlings from the soil 
substrate.  
Depending on the degree of mechanization of planting 
seedlings in the furrow investment can be made in the 
following ways:  

 hand, seedlings with investment into open furrow or 
formed holes, 

 with semi-automatic devices for investment seedlings 
in an open furrow and  

 with automatic devices for investment seedlings in the 
open furrow. 

Planting seedlings with the planter consists of the 
following operations: 

 opening grooves or holes storage of seedlings, 
seedling 

 the investment in a furrow or hole, and 
 strengthening of seedlings in the soil. 

In practice, the most widely used two types of feeder 
seedlings in an open furrow: 

 the elastic disks and 
 the pommel on the chain. 

Speed investments seedlings, the planter with elastic discs 
of 40 45 plants / min (2,500 plants / h). This means that a 
given spacing of plants within the planted row causes the 
speed of the planters. Speed of planters (Vs) in the 
aggregate with a tractor can be calculated on the basis of 
the expression: 

2,5 ·  (km/h)  
where:  
a - spacing of plants within the planted rows, (m).  
The planter with clamps on a chain speed of investment 
seedlings from 50 to 60 plants / min. Planting seedlings, 
which were produced in containers, nutritious cubes, and 
other plant material, can be planted on land where 
previously conducted ground covering with foil. In 
technology of grain crop production the process of 
seeding takes an important place because of the influence 
of future crop yield level.  
The process of planter can be viewed through the 
following phases:  

 preparation / leveling area, 
 consolidation of surface,  

 open furrows, lower seed in the furrows and 
fastenings, 

 compaction of soil around the seed. 
For most solutions seeder of this phase is partially 
overlapped or performed simultaneously (Bajkin et al, 
2005). Among all the mechanical seed drill assemblies 
that provide the execution of certain phases of planting, 
has the highest degree of dynamism sewing machine 
which helps to regulate the distribution of seeds in a row 
and release seeds into the soil. Since this is the most 
responsible and mechanical drill assembly, there are a 
number of solutions which, in combination with the air 
stream provided adequate quality planting. Before sewing 
machine is set three key demands in the process of 
sowing: 

 ensuring the universality of planters in terms of 
sowing seeds of different sizes and different cultures, 

 the most precise distance and distribution of seeds per 
plot 

 not to damage the seed. 
Uniform distribution of plants per plot allows plants and 
equal access to resources, which in turn yield and steady 
development over the entire surface of the plot. A key 
prerequisite for achieving this objective is to invest seed 
into the ground at equal, prescribed, the distance between 
the seeds within the rows. Also, before sowing the device 
is placed a very heavy demand if needed sowing seeds 
with a parallelogram arrangement, then, as to harmonize 
the work of planting the device on the planter independent 
of the section to section of the way and intensity of seed 
and soil contact depends on the speed of germination, 
which subsequently affects the resistance and plant 
development. The recommended planting depth for corn 
is 6-8 cm, and hemp and sunflower 4-7 cm.  Table 2 
shows the comparative analysis with pneumatic planter 
under pressure and displacement. Comparison is made in 
terms of type of air flow, type of drive trains, gear types, 
ways to remove excess seeds and methods of seed in 
furrows.  
For solvation of the quality problem of seeding high-
performance machines with pneumatic seeding systems 
equipped with special input devices for seeds in the zone 
with excessive pressure are used. One of the possible 
directions of development of pneumatic planter could be a 
rotating seed plate automation, especially in vacuum 
seeder, which would simplify the construction itself 
planters, reducing their robustness, and allow for 
electronic control and monitoring of sowing (Markovic et 
al, 2009). Quality evaluation of drill is evaluated through 
the fulfillment of requirements related to the achievement 
of the desired standard sowing to ensure uniform seed 
spacing. Achieving distance between sowing can be 
achieved by changing the plate with the appropriate 
number and width of the aperture plate rotation speed is 
achieved by changing the transmission ratio of the drive 
wheel to drill seed plate. Existing pneumatic drill types 
are equipped with mechanical gears. Dominated by chain-
type transmissions and cardan gear with the possibility of 
a change gear ratio. Norma sowing or distance between 
sowing does not change with a change of pace which 
causes the drill and use the drive sprocket of the drill.  
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Table 2. Overview of the main features of seeding 
equipment with available design variants(Markovic et al, 
2009) 

PNEUMATIC SOWING MACHINES 
underpressure overpressure 

airflow 
underpressure overpressure 

drive transmission seeds 
propeller 

shaft chainwheel chainwheel 

transmitter seeds 
seed plate 

(open on any of 
the internal volume) 

sowing wheel 
(holes in the outer scope) 

removal of surplus seeds from seed transmission 
mechanical scraper exhaust nozzle 

investment in seed furrows 
mechanical ejector + 

free fall for the "low" sewing machines, or 
tubular guides for the "high" sewing machines 

 
3. CONCLUSION 
 
Harmonization of existing standards and regulations on 
the quality of fresh vegetables and EUREPGAP 
introduction of standards, it will increase production of 
vegetables and competitiveness. The development of 
seeding equipment should continue through the 
development and application of seeding plates and wheels 
of different designs of lighter materials, while optimizing 
both shape and size of openings for clinging grains and 
through the optimization of air flow which provides the 
bonding of grain. Also, greater use of monitoring systems 
would help seeding done without loss, and according to 
established norms of sowing because of the possibility 
that the operator monitors the work of each sowing seeds 
apparatus. Calibration would otherwise significantly 
contribute to the greater use of pneumatic planter based 
vacuum which is currently uneven Seed size and shape of 
a big obstacle in operation. 
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ADAPTIVE SLICING IN 3D PRINTING 

PROCESS  
 

Nebojsa RASOVIC 
Milenko OBAD 

 
 
Abstract: Slicing process has a key role in rapid 
prototyping or layered manufacturing. A part is produced 
using layer-by-layer addition of the material in this 
process. Rapid prototyping system is slicing a CAD model 
of the part. There are many slicing approaches: adaptive 
slicing, direct slicing and adaptive direct slicing. Slicing 
of CAD model with a very small slice thickness leads to 
large build time of a part. In case of large slice thickness 
the surface of a part has bad quality. It is necessary to 
find optimal thickness for layers of the CAD model. This 
paper presents one adaptive slicing method for 
determining of layer thickness. This method takes into 
account cusp height, contour circumference, center of 
gravity of the contour, and distance between the boundary 
of the CAD model and the boundary of the resulting part 
in each layer. This method includes different treatment of 
individual parts of the model regarding its functional or 
aesthetic characteristics.  In compliance with this 
additional optimization of the layers thickness is made on 
the RP systems.  
 
Key words: rapid prototyping, slicing, functional and 
aesthetic characteristic 
 
 
1. INTRODUCTION 
 
Rapid prototyping technologies (RP), that is, 
manufacturing of a product by layering the material 
respectively, is increasingly used in industry. Those are 
still unconventional technologies which are mainly used 
in production of prototypes, conceptual design, quick 
production of tools [1] etc. Recently these technologies 
have also been increasingly used in production of final 
products for the market. RP technologies are important as 
they possess potential to reduce total product build time 
for 30% to 50%, even when the product is fairly complex 
[2]. The whole production process of making a prototype 
by RP technology is based on creating a 3D computer 
model of the product (solid model), slicing the model in 

layers, layering the material layer-by-layer and certain 
procedures of post-processing. Build time is less than the 
time necessary for production of a solid model or 
modification of existing solid model. Drastic reduction of 
time necessary to launch a product on the market is the 
main contribution of RP to integrated design and 
production cycle [3]. In all RP processes, model of the 
product is first created in CAD modeler in order to get 3D 
computer solid model. In fact, CAD model of the product 
can be created as a solid model or as 3D surface model. 
After that the 3D model is sliced in layers, and then, in 
suitable format, it is transferred on RP machine. Slicing of 
a CAD model can be done directly on the 3D solid model 
as well as on 3D surface model. During the slicing 
process 3D model is sliced by a set of horizontal planes. 
The result of the slicing is 2D layers which are in the 
slicing plane, closed curves or polygons. The space 
between any two successive horizontal planes is a section 
of a total volume [3]. The slicing process affects the 
precision and the build time of the part which will be 
produced on the RP machine. Thus, the first step in RP 
production process is to generate the layers (2D contours) 
from the 3D model from one end of the model to the 
other. In some of the computer formats (most frequently 
STL) this series of layers is a basis for generating the path 
of tools when working on RP machine. Current RP 
systems most often use layers of constant thickness. 
While choosing the thickness of the layers the user must 
choose between precision (smaller slice thickness) and the 
speed of production (larger slice thickness). Theoretically, 
the item produced on  RP machine should be identical to  
3D CAD model, if the thickness of the production layer 
could be small enough [4].  
Generally, most commercial systems for rapid 
manufacture of product prototype use the procedure with 
constant slice thickness. That produces so-called staircase 
effect, what can be seen in Figure 1. This effect is very 
noticeable in the production process with larger slice 
thickness. The staircase effect is considerably reduced 
with smaller slice thickness, but it needs longer build 
time. For this reasons, slice thickness optimization is 
important in order to make staircase effect as little 
noticeable as possible, and build time as shorter as 
possible. There are many methods used for slice thickness 
optimization with the aim to obtain mentioned goals. All 
these methods lead to adaptive slicing technology. The 
procedure of adaptive slicing should lead to reduced build 
time, without drastic reduction of  model precision [4]. 
 

 
 

Fig.1. Staircase effect with  larger (a) and smaller (b) 
slice thickness [4] 
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2. SLICING PROCEDURES 
 
As it is mentioned, the key step in RP process is slicing of 
the 3D model in 2D contours. During this process a 
stereolitographic database is formed, in which all data 
about the layers is written. File format is STL (named 
after Stereolitography, the first RP technology), which 
was developed in 1987, and serves to convert 3D CAD 
database as an entry to RP machines. STL database shows 
the model of the product by approximating its spatial 
surface in a number of small  plane triangles, which 
significantly simplify the slicing process, but also 
introduce unavoidable problems concerning the precision 
[5]. By the direct slicing procedure the constant thickness 
layers are sliced, which is ineffective for a model with 
differently curved surfaces. This ineffectiveness is 
avoided in the way that, in the areas with differently 
curved surfaces, the quality of the surface is improved by 
thin slicing, while in the area of vertical uniformity time 
savings and faster model production is gained by thicker 
slicing. Solution for this problem is changeable slice  
thickness, called adaptive slicing [5]. Dolenc and Makela 
worked with flat surfaces and used cusp height C as a 
criterion of adaptive slicing, which is shown in Fig. 2. [7]. 
Final products most often have very noticeable ‘staircase 
effect’, as it is shown in the Figure. In Fig. 2, boundary of 
original CAD model is marked with broken line, and the 
part produced by RP slicing is marked with full line. It is 
clear that there is a difference between boundary of the 
original CAD model and the model obtained in each 
single layer (ε) [5]. 
 

 
 
Fig.2. Calculating of  thickness of each sliced layer using 

the cusp height C [5] 
 
The height of a layer (t) in any point P is calculated on the 
basis of cusp height C within defined maximal allowed 
cusp height Cmax.  
 
 

 
 

Fig.3.The layer height t and cusp height C [3] 

Calculated layer height is between minimal tmin and 
maximal tmax height which are defined by the 
characteristics of the RP machine:  
 
t t t       (1) 

By using gradual uniform finishing suggested by 
Sabourin [6], adaptive slicing uses the same concept of 
boundary cusp height introduced by Dolenc and Makela 
[7]. Here, the fulfilled CAD model is firstly divided into 
uniform horizontal planes of the same height, where the 
height is maximally allowed layer height tmax. The planes 
that do not fulfill cusp height conditions (C < Cmax) are 
further divided into thinner planes with uniform thickness. 
The height of each layer is calculated by previously 
mentioned means. However, here the cusp height is 
calculated twice in a mentioned way: once when the plane 
is controlled from its lower interception upwards and the 
second time from its upper interception downwards [3]. 
Final layer height is determined by the interpolation of the 
two previously calculated heights.  
Unlike the previous adaptive slicing methods, recently 
new methods have been developed where the layer height 
is determined by comparing the radius of the contour and 
the contour gravity centre with adjoining layer [4]. These 
methods enable that the radius of the contour Ci is 
calculated first, and then radius of the contour Ci+1. The 
difference of radius of these two contours is used for 
determining of cusp height C based on which it is 
possible to calculate the height of the new layer. Radius 
of the contours Ci and Ci+1 may be the same, so the 
difference between these two radiuses is zero. However, 
this does not mean that there are no changes in height of 
the model. The model may be curved along the height, 
and the contour may have exactly the same radius and 
shape which disenable use of maximal layer height. That 
is why the gravity centre of these two contours is to be 
additionally calculated (Gi i Gi+1) and after that their 
difference is calculated ∆G (Fig. 4.) [4]. Besides the 
difference in radius, the difference in gravity centre is also 
used for calculation of the layer height. In case when the 
difference between the two radiuses is very small and 
when the difference between the two gravity centers is 
also very small, it means that their contours are very 
similar and then the layer height may be maximal.  
 

 
 

Fig.4. Determination of layer thickness according to 
radius and gravity centre of the contour [4] 
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3. AESTHETIC AND FUNCTIONAL VALUES 
OF MODEL SURFACES 

 
All previously mentioned methods of adaptive slicing of 
CAD models enable compromise between a model quality 
and speed of model manufacturing. They enable 
optimization of time necessary for manufacturing and 
minimal needed surface quality. There are quite often 
cases that a model with minimal quality is made, that is, 
with the largest possible slice thickness, which is obtained 
by RP machine on which the model is manufactured. 
There are also often cases in which the highest possible 
quality is required, and than a model is made with the 
smallest slice height that can be made on RP machine. All 
this depends on the use of a model. Sometimes a model is 
only used for visualization and correctness in design of a 
product, an assembly or a device. Its aesthetic value is 
estimated. Sometimes, however, a model is also used for 
testing of some functional characteristics. It happens very 
often that it is necessary to take care of both aesthetic and 
functional characteristics on the same product. 
Considering the use of a product, requirements related to 
quality of a model made on RP machine are often 
different. Previously mentioned statements lead to 
thinking about new possibility to optimize build time and 
surface quality when manufacturing a model on RP 
machine. These thoughts lead to the fact that each model 
is estimated for its aesthetic and functional requirements 
in terms of surface quality on certain parts of a model. 
Considering the use of a product, it is necessary to divide 
a total CAD model into segments where the boundaries of 
each segment are defined by their aesthetics and 
functionality. 
 

 
Fig.5. CAD model of electrical tool handle 

 
Figure 5 shows a handle of an electrical machine. Three 
specific parts of the handle are marked with letters A, B 
and C. The first part marked with letter A presents the 
central part which connects a handle with other part of the 
machine. This part is important for functionality of the 
machine and it is certain that its functionality is very 
important. Considering the way of joining with the 
machine this part of the model will require more quality 
manufacturing. Parts of the model marked with letter B 
are side girders of the handle which is marked with letter 
C. Those side girders do not require special 

manufacturing quality neither in functional nor in 
aesthetic sense. The handle itself will require significantly 
higher quality.     

 
Fig.6. CAD model of an electrical hand-held tool handle   

 
 

 
A    B 

 
   C 
 

Fig.7. Enlarged A, B and C details with the largest and 
smallest slice height  

 
A, B and C details with the largest and smallest slice 
height when RP model is manufactured are shown in 
Figures 6 and 7. The staircase effect is noticeable, and it 
is especially visible with the largest slice height.   

 

 
 

Fig.8. Partition of CAD model into zones 
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Concerning previously stated aesthetic and functional 
specificity of certain parts of model (Fig. 5), the model is 
rotated in the most favorable position for RP 
manufacturing, as it is shown in Fig. 8, and it is divided 
by height into zones I, II and III. The goal is to make 
possibility to define different optimal slice heights in 
zones I, II and III. However, it is not recommended to use 
exclusively the largest or the smallest slice heights in 
these zones. It is necessary, in all three cases, to use 
adaptive slicing and to determine height for each slice 
separately. For that reason, it is useful to join so-called 
’’weighting factors of the surface’’ (w), when it comes to 
quality, that is, slice height of RP model. Those weighting 
factors are determined on the basis of aesthetic and 
functional requirements for model surface quality. After 
that, they are used when slice height is calculated so that 
the calculated height itself can be corrected and that final 
height tfinal can be obtained. 
 
t  t/ t     (2) 

The procedure of defining weighting factors w can be 
different with regard to model complexity and different 
requirements of aesthetic and functional nature. The 
following table shows one possible disposition of 
weighting factors for zones I, II and III in our model.  
 
Table 1. Weighting factors 
 

Zone Weighting factors 
Aesthetic Functional 

I 0.25 
(less quality processing) 

1 
(high quality processing)  

II 0.5  
(medium-quality processing) 

0.5 
(medium-quality processing) 

III 1 
(high quality processing)  

1 
(high quality processing)  

 
When determining final weighting factor for each zone it 
is necessary to use larger of two offered. In that way, in 
our case, final weighting factors for the three mentioned 
zones would be as it follows: 

 zone I:   w = 1 
 zone II:   w = 0.5 
 zone III:  w = 1 

 
Final slice height in zones I, II and III is: 

 in zone I:  tfinal = t/1 = 1 x t<= tmax 
 in zone II:  tfinal = t/0.5 = 2 x t<= tmax 
 in zone III: tfinal = t/1 = 1 x t<= tmax 

 
It is obvious that final slice height in zone II is two times 
higher than calculated one. If this calculated height 
exceeds the highest possible height that can be made on 
RP machine, it is corrected on that height. In that way 
twice faster model manufacturing in area II (zone II) is 
enabled, regardless to calculated slice height.  
 
4. CONCLUSION 
 
Application of method of slice height optimization is very 
important in optimization of RP model manufacturing. 

All known methods of optimization are based on defining 
of slice height depending on cusp height (C-cusp), 
difference in radius of contour of adjoining layers and 
gravity centre of contour of cross-section in each layer. 
Here presented method also introduces possibility to 
define aesthetic and functional importance of individual 
model parts, and that enables additional saving of model 
build time while total model quality is not reduced. 
Aesthetic and functional importance of individual parts of 
model surface is defined using weighing factors.  
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PROCESS AUTOMATION: UNDERRUN 
PROTECTION DEVICE ANALYSIS PER 

REGULATION 
 

Uday SHERIKAR 
 
 
Abstract: The report explores Process Automation Tool 
developed using Altair Hyper Works Process Manager to 
automate UPD analysis, post processing of it and plotting 
the results. Such a tool assists CAE analysis engineer to 
capture best practices for CAE model building. It also 
helps to reduce simulation development cycle time, 
increases the quality, eliminates repetitive tasks and also 
maintain the consistency in results. 
The process template is developed to automate Front 
under-run protection device (FUPD), Rear under-run 
protection device (RUPD) and Side under-run protection 
device (SUPD) for RADIOSS solver. The FUPD, RUPD 
and SUPD are required to comply with ECE R93, ECE 
R58 and ECE R73 regulations, which provides strict 
requirements of devices design and its behavior under 
loading, that’s the need to be fulfilled by device for 
approval of load carrying vehicles. The practical testing 
of under-run protection device (UPD) is very difficult, 
time consuming and costly. Also for any organization, to 
sustain in competition, product lead time to launch the 
new vehicle in market will be as minimum as possible. 
This causes increase in importance of computational 
simulation. But to get correct computational results, 
proper simulation method is essential. 
 
Key words: ECE R93, ECE R58, ECE R73, UPD, Process 
template 
 
 
1. INTRODUCTION 
 
The original reason for development of CAE is to 
eliminate physical prototypes and tests, but many 
engineers and companies don’t trust on result they get 
using CAE, so physical prototypes are still milestones in 
almost every design organization. For organizations 
simulation technology is not a problem, most companies 
demonstrated that when best practices are followed, 
results are consistent and correlated with the physical 
world. Inconstancy in the application of CAE technology 
leads to variability in results.  

Process automation is the key to improving consistency. 
Like manufacturing, in CAE also automation was the key 
to improving product quality. 
Altair Process Manager is programmable task 
management software that guides to define standard work 
process. It allows automating any step in simulation 
process. Process template provides a starting point and 
guide for steps to be followed during analysis. It adopts 
the best practice.   
An automated tool is developed using Altair HWPM, 
commercially available software in compliance with ECE 
regulations as mentioned above. This Process Automation 
tool allows CAE analyst to import meshed component 
with assigned material and element properties with 
correct card images, selecting UPD type, vehicle data, 
defining boundary condition/loading position/contacts, 
control cards, export deck and post processing.  
The following tests are carried out to avoid underrun due 
collision of passenger car and goods carrying vehicle. 
Also it helps to study the behavior of UPDs for different 
loading conditions for safety of occupants. Series of 
iterative simulations are carried out to understand the 
procedure and to adopt best practice to analyze UPD as 
per regulation.  

 
 

Fig.1. Shows FUPD position and loading position 
 

 
 

Fig.2. Shows RUPD position and loading position  
 

 
 

Fig.3. Shows SUPD position and loading position 
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Assumptions 
[1] Model of the vehicle should have length along the 

global X-direction, width along global Y-direction and 
height along global Z-direction. 

[2] Model has been fully meshed without any meshing 
error. 

[3] Model have been provided with both the material and 
element property with correct card images 

 
2. PROCESS METHODOLOGY 
 
The developed process template using Altair HWPM 
performs pre and post processing of UPD simulation as 
per above stated ECE regulations. As most of the tasks 
are automated through scripting, so complexity of 
analysis can be reduced. But still user interaction is 
necessary.  
The process manager task tree for UPD simulation looks 
like as shown in figure. 
 

 
 

Fig.4. Process flow of UPD simulation as per ECE 
regulation 

 
Importing FE Model 
This task enable user to import UPD model. The task 
provided with file browsing dialog boxes for above 
purpose. The file browser allows importing HyperMesh 
and RADIOSS model. 
 

 
 

Fig.5 Import UPD assembly  
 

UPD type Selection 
This task enables analyst to specify UPD (front, rear or 
side) type for analysis. According to selection, an 
appropriate regulation is used for validation and analysis. 
 

 
 

Fig.6 UPD type selection for simulation 

Vehicle data 
This task has four sub-tasks those are, entry for vehicle 
width and axle width/component selection/vehicle 
type/entry for weight carrying capacity of vehicle. Based 
on analyst provided options loading position are marked 
on UPD and C-load is applied at that position. The 
magnitude of C-load is depends upon the weight of the 
vehicle. Following figure shows UI of vehicle data in case 
of selected UPD type is FUPD and RUPD 
 

 
 

Fig.7. Vehicle data entry in case of FUPD or RUPD 
 

For SUPD static load of 1KN is applied, for given time 
period at selected node position independent of vehicle 
type, weight or width. So other than component widgets 
are get disabled if selected UPD type is SUPD. 

 
 

Fig.8. Vehicle data entry in case of SUPD 
 
Boundary Condition 
With this task analyst can enable to define boundary 
condition, loading position and contacts. The time entry 
also provided to input load curve. T Gradual and T stop 
used to define the nature of C-load curve. T stop is 
maximum time limit to apply load. It also consider as 
termination time for engine file. 
 

 
Fig.9. Boundary and loading parameters 

 
Control Cards 
All necessary control cards of RADIOSS solver will 
create automatically. Entry boxes are provided to get time 
input for history file and animation file. 
 

 
 

Fig.10. Creates control cards of RADIOSS solver  
 
Export 
This task allows user to export engine file and starter file 
as RADIOSS deck. The file name and path, where deck 
has to be saved can be specified using file browser. 
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Fig.11. Export starter and engine file 
 
 

Solve 
This task will start RADIOSS solver automatically with 
above exported file as input to in. 
 
Post Processing 
The solved results are automatically exported to 
HyperView for Post Processing and results will be 
generated in Word format. 
 
3. COMPUTATIONAL ANALYSIS 

 
The FUPD is transversal cantilever deep drawn aluminum 
profile. It is rigidly mounted to two vertical pillars made 
up of steel. The vertical pillars are 850mm apart which 
are mounted to chassis. The chassis is constraint 
restricting all degrees of freedom at rear side. It is of 
square cross section of section height 100mm, length 
1780mm and width 80mm. The C- load is applied at P1, 
P2 and P3 position as per regulation. All these parts are 
rigidly connected to each other. 
 

 
 

Fig.12. Shows FUPD model 
 
 
The deformed shape of FUPD with different loading 
condition as mentioned in regulation is as shown below:  
 
 
P1 Position 
At P1 position 50% of weight vehicle or 80KN loads 
whichever have least value is applied. The shaded region 
shows impactor with above C-load at master node of 
impactor. Figure 13 shows deflection of FUPD at P1 
position. 

 
Fig.13. Displacement of FUPD at P1 Position 

 

 
 

Fig.14. Energy Vs Time 
 

 
 

Fig.15. Displacement Vs Time 
 

P2 Position 
At P2 position 100% weight of vehicle or 160KN loads 
whichever have least value is applied. Figure 16 shows 
deflection of FUPD at P2 position 
 

 
Fig.16. Displacement of FUPD at P2 Position 
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Fig.17. Energy Vs Time 
 

 
Fig.18. Displacement Vs Time 

 
P3 Position 
At P3 position same load as that of P1 position is applied. 
Figure 19 shows deflection of FUPD at P2 position 

 

 
 

Fig.19. Displacement of FUPD at P3 Position 
 

 
 

Fig.20. Energy Vs Time 

 
Fig.21. Displacement Vs Time 

 
4. RESULT 
 
This process template helps designer to setup CAE model 
automatically as per ECE regulation. It enables best 
practices through standardizing UPD simulation process. 
It also helps to minimize model setup time during 
research and model certification process. . Also with the 
parameters considered for the UPD analysis, it is seen 
from Energy plots that kinetic energy is less than five 
percent of internal energy, so it can be concluded, that the 
inertia effect is neglected. 
 
5. CONCLUSION 
 
With the above results, it is concluded that the process 
template developed using Altair HyperWorks products for 
analysis of UPD is correct. This template saves a lot of 
time to setup deck for analysis of UPD as per ECE 
regulations to meet stringent regulation and time constrain 
 
6. BENEFITS SUMMARY 
 

 Standardize process flow 
 Maintain consistent output result 
 Saves deck setup time for simulation, ultimately    
reduces cost 

 Maximized resource usages 
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PROCESS AUTOMATION TOOL FOR 
COMMERCIAL VEHICLE CABIN 
STRENGTH ANALYSIS AS PER 

REGULATION 
 

Aishwarya R. PATANGE 

 
 
Abstract: ECE R29 regulation has legally claimed that 
the survival space must be guaranteed for the safety for 
driver and front seat passenger in event of crash during 
design of truck cabin. In conventional vehicle 
development process, physical tests are conducted to 
evaluate the occupant safety which wastes a lot of time 
and cost. In this paper, a finite element model of a light 
truck cabin is considered. The explicit finite element 
program RADIOSS BLOCK is used to study and simulate 
the crash test of cabin according to ECE R29 
Regulations. ECE R29 regulation includes frontal 
pendulum impact test, roof crush test and rear wall test. 
Study of cabin strength & occupant protection simulation 
in compliance with European Regulation is carried and 
flow chart for development of customized tool to setup 
analysis and generate report of results is formed. This 
customized tool is developed using Altair HyperWorks 
products. 
 
Key words: Truck cabin, frontal impact, ECE R29, 
survival space, customized tool. 
 
 
1. INTRODUCTION 
 
Crash safety of automobile has become one of the 
research focuses the last decade in the field of automobile 
passive safety research. Due to variety, complexity and 
instantaneity of the accidents, the precision of doing 
quantitative analysis of accidents manually is quite low. 
With development in simulation technology, the 
numerical simulation methods can lay a theoretical 
foundation for the reconstruction of vehicle accidents. 
Safety for occupants in case of passenger vehicle is widely 
talked. Cabin must be designed in such a way that in 
event of crash, a sufficient survival space is guaranteed 
for the occupants. The legal requirement for the occupant 
safety is described in ECE R-29 regulation and these are 
already forced in Europe.   

In order to ensure the safety for the occupant certain 
design measures are necessary.  To  ensure  the  safety  for  
the occupants  by  avoiding  the possibility of injury to a 
large extent, the driver’s cabin is required to design in such 
a way that in case of frontal  impact,  rear  end  collision 
and  roll  over  of  the  vehicle, the  cabin  structure should  
be  sufficiently strong and stiff. This cabin should ensure 
the necessary survival space for the cabin occupant. 
In conventional vehicle development program occupant 
safety evaluation totally depends on physical tests. This 
involves a lot of time and cost, in making the prototype 
and testing the same. In order to reduce this, virtual  
testing  is  performed  through numerical  simulation 
which helps  in  cost and weight  optimization  of the cabin 
design. Numerical simulation enables virtual testing of the 
concept design under different loading conditions, even 
before building the first prototype. The simulation results 
give fair idea about stress-strain in the components and 
helps in understating the failure mode. This results in 
saving of tool change cost which would be inevitable if the 
development process relies only on physical testing. 
Simulation using non linear explicit codes like 
RADIOSS Block helps in predicting deformation of 
driver cabin and load of individual components within the 
elastic and plastic range of the material even before 
performing first physical test. 
Design validation of all the cabin models for occupant 
protection is a must before certification and approval for 
roadworthiness in India which in lieu with the European 
norm ECE R29 Regulation. The primary objective of a 
CAE based testing & simulation is to cut down the time & 
cost by reducing the number of test cycles. Scope of 
projects includes following items: 
 

a. Study of cabin strength & occupant protection 
simulation in compliance with European Regulation 

 

b. Development of customized tool to setup analysis and 
generate report of results. This customized tool will be 
developed using Altair HyperWorks products. 

 

 
 

Fig.1. Test Requirement of ECE R29 

 
2. PROCESS AUTOMATION 
 
Hyper Works Process Manager is a software tool that 
enables you to define and execute process automation. 
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2.1. Benefits:  
 

 Allow the user to combine several steps into a single 
mouse click  

 Standardize CAE processes  
 Minimize CAE analysis set-up time 
 Rerun previously-conducted CAE processes  
 Streamline CAE activities   
 Reduce setup time, thus significant cost reduction  
 Handy to new team members  

 

2.2. Assumptions: 
 

[1] According to universally followed convention, the 
cabin X axis is pointing towards the rear length wise, 
Y axis is pointing towards the sideways if cabin width 
wise and Z axis is pointing towards roof of the cabin 
height wise.  

[2] The cabin model is meshed properly with adequate 
Jacobean.  

[3] Valid material and property is assigned to each and 
every component of the model. 

[4] No loading or boundary conditions are applied 
initially to the model.  

[5] All the used card images should support RADIOSS 
Block Format. 

 

2.3. Explanation of Steps Followed: 
  

 
 

Fig.2. Tasks in ECE R29 Setup 
 

Import truck model:  
This task enables the user to import the finite element 
model of truck cabin. The coding is done in such a way 
that only hypermesh file or RADIOSS file will be opened. 
If other selected it show error message and asks user to 
select appropriate model file.  

 

Set test details: 
This task is sub divided into two tasks. First sub task 
enables user to select type of test to be performed is 
selected. Three options like “Front_impact” 
“Roof_loading” and “Rear_loading” are given as per ECE 
R29 Standard. The second sub task instructs the user to 
select the front, Roof or Rear of the cabin depending upon 
test to be selected. For this Component widget is provided 
such the component selected will be stored in memory 
and further task will be carried out. The impactor will be 
created and located as per regulation. Impactor created 
will be assigned with material and property of steel. 
Necessary checks are provided to all the tasks if user 
skips any of the task or sub task. 

 
 

Fig.3. UI for Set Test Details 
 
Apply Loads: 
This UI allows the user to setup deck for applying loading 
conditions to the impactor. The first task in it allows to 
select impact energy. As the impactor is flat and 
rectangular the master rigid node will lay at centre. 
Applying loading condition on this node will be 
distributed evenly to all nodes. Depending on the test type 
selected the Loading Condition UI will vary. For Front 
impact, shown below is the UI for applying impact 
energy. Initial velocity along the axis is applied to the 
impactor. Radio buttons are given to select the energy to 
be impacted. 
 

E = 0.5 m V2                                                                    (1) 
 

Where, Impact Energy E – mJ 
Impactor mass m – g 
Velocity of Impactor V – mm/ms 
By default it is considered as cabin payload capacity is 
less than 7 tons. 
Second sub task enables the analyst to select the nodes 
whose DOF are to be constraint in all directions. As stated 
in regulation, the cab should be attached to chassis at four 
locations rigidly, so, by selecting group of nodes from 
cabin bottom and constraining it is same as attaching 
cabin to chassis in actual testing. 
The third sub task to set up contact between impactor and 
the component in front of it. Type 7 contact is used. It is a 
multi usage impact interface between a master surface and 
a list of slave nodes. Button is provided to review the 
contacts set up. 
 

 
 

Fig.4. UI for Apply Loads 
 
Generate Control Card: 
This task sets the run name, the version of the input 
manual, the number of Starter run and input and work unit 
systems. There is no user input in this UI.  
 

Setup Engine File: 
In this step, engine file is setup.  
The RADIOSS Block Format is executed in two steps:  

1. The starter  
2. The Engine  

The Starter reads a *0000.rad file that contains the model 
definition. The Starter diagnosis possible errors in the 
models and outputs a binary restart file.  
The Engine executes the actual computation. It expects 
the binary file produced by the Starter plus a *0001.rad 
input file in Block Format. The Engine Input describes 
the case control. The Engine produces output files for 
animation, plotting (time history), and restart.  
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Fig. 5 UI for Setup Engine File 
 
Export file:  
As the task name suggest, this task is for exporting the 
starter and engine file. The file location along with file 
name is the requirement. 
 

Post Processing: 
In this task, report generation will be automated. Report 
includes deformed shape of cabin, maximum deformation 
and availability of survival space. 

 
3. DECK SET BY PROCESS MANAGER: 
 

 
 

Fig.6. Pre processing deck using HWPM 
 

4. ANALYSIS RESULTS: 
 
Frontal Analysis: 

 

 
 

Fig.7. Deformed shape for Front Impact 
 

 

 
Fig.8. Energy vs. Time Plot 

 
 

Fig.9. Displacement vs. Time Plot 
 

Roof Analysis: 
 

 
 

Fig.10. Deformed Shape for Roof Analysis 
 

 

 
Fig.11. Energy vs. Time Plot 

 

 
 

Fig.12. Displacement vs. Time Plot 
 

Results:  
 

Due to Altair Process Manager, nearly 70-80% time is 
saved to setup deck for analysis as per ECE R29. Much 
calculation error such as creating impactor and locating, 
converting impact energy to velocity and many more is 
avoided. After studying the nature of energy plots we can 
say that process followed is up to mark. 
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5. CONCLUSION  
 
As in conventional vehicle development process, physical 
tests utilize a lot of time and cost. In order to reduce 
expenses, virtual testing is performed. Thus series of 
iterative simulations are being carried out to meet the 
standard. So, the line of action of automating the process 
is found and constructed using Altair’s HyperWorks 
Process Manager. 
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DESIGN OF VEHICLE CABIN AIR 
DISTRIBUTION SYSTEM BASED ON 

HUMAN THERMAL SENSATION 
 

Dragan RUŽIĆ 
Ferenc ČASNJI 

 
 
Abstract: The role of a cabin heating, ventilation and air-
conditioning (HVAC) system is not only to lower air 
temperature in the cabin, but also to provide as more as 
possible comfortable environment for occupants, under 
all ambient conditions. From that reason, starting point 
for design of modern vehicle HVAC system should be 
thermal properties of human organism and occupant's 
thermal preferences. This paper presents an approach to 
design process of air distribution system as a main 
interface between a human body and a vehicle air-
conditioning system, with focus on hot (summer) 
conditions. Main topics covered in the paper are 
characteristics of human body and its preferred 
microclimate conditions, methods for evaluation of 
conditions and example of CFD modelling of a human-
cabin system. The results derived from virtual 
experiments on the model of single-seat tractor cab could 
be taken as a guideline for air-distribution system design. 
 
Keywords: cabin, equivalent temperature, air 
distribution, CFD, virtual thermal manikin 
 
 
1. INTRODUCTION 
 
One of purposes of a vehicle cabin is to provide thermally 
comfortable environment for a driver and passengers. 
Summer (hot) ambient conditions are more complex and 
more demanding than cold conditions, from the point of 
view of thermal comfort in a cabin. Since thermal 
environment and air quality in operator enclosures of 
mobile machinery (agricultural tractors and construction 
equipment) affect operator’s health, performance and 
comfort, this type of cabin is subject of this paper. 
Spatial and temporal variation of both state variables and 
boundary conditions in a cabin, as well as individual 
differences between operators, require that the heating, 
ventilating and air-conditioning (HVAC) system should 
be able to generate preferred local environmental 
conditions, even on individual body part level. 

The conventional approach for analysis of thermal 
processes, based on balance between cabin thermal load 
and heat removal by cooled air, although technically 
correct, is not sufficient for assessment and prediction of 
an operator's thermal sensation, Fig. 1 and Fig. 2.  
 

 
Fig.1. Schematic of the conventional approach to a cabin 

air-conditioning analysis: ma, h1, 2, w1, 2 – mass flow, 
enthalpy and humidity ratio of air at inlet (1) and outlet 
(2); mwh, qh, qwh – released water vapour, sensible and 

latent heat from human body, respectively; qout – sum of 
outside heat gain 

 
 

 

 
Fig.2. Comparison of air velocity distribution and heat 

loss from different parts of the operator's body using CFD 
technique, under the same tractor cab heat gain and heat 
removal, but with two different air distribution designs 
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In the conventional approach, the operator is treated only 
as a source of certain amount of sensible and latent heat. 
In human-based design, he has a shape and a volume, and 
his thermal sensitivity must be used into account too. 
Obviously, in order to fulfil these demands, 
understandings of human thermoregulation system, 
thermal sensation and basic anthropometry are required, 
together with knowledge on fluid and thermal processes 
between the cabin and surroundings. 
 
2. HUMAN BODY THERMOREGULATION 

AND THERMAL SENSATION 
 
In uncomfortable hot ambient, thanks to the 
thermoregulation system, human body starts with 
vasodilatation and sweating, trying to prevent a rise of 
internal body temperature. Since these mechanisms are of 
limited capabilities, to prevent further rise of body 
temperature and to avoid the risk of hyperthermia, it is 
necessary to make the ambient comfortable by cooling or 
to ensure the way to release the heat from the body. Both 
of these methods are used in vehicles, where the latter is 
more appropriate for transient (cool-down) conditions.  
Largest part of the heat loss from the body surface in 
warm conditions is consisted of convective heat loss and 
heat loss by sweat evaporation from the skin [9], [15]. 
Equation for heat flux by convection, as a part of total 
heat flux, for one segment of the body could be written 
as: 
 

Cseg = fcl hCseg (tcl – ta), W/m2, (1) 
 

The same applies for the whole body. Factor fcl is clothing 
area factor. Clothing surface temperature (tcl) will be 
equal to the skin temperature (tsk) on segments without 
clothing: face, forearms, hands and neck. Obviously, the 
higher the temperature difference, the higher is heat loss 
from the body segment. In addition, coefficient of heat 
transfer by convection (hCseg) is dependent on air velocity 
and on shape of the segment. The coefficient increases 
with the increase of air velocity [6]. Therefore, ventilation 
system is able to influence this part of the heat transfer 
directly, by changing the airflow rate through the diffuser.  
 

The microclimate conditions and thus human thermal 
sensation as well, are dependent on air temperature, air 
velocity, relative humidity, mean radiant temperature. 
However, individual differences regarding to 
physiological and psychological response, clothing 
insulation, activity and preference about air temperature 
and air movement also have strong impact on thermal 
sensation.  
 
2.1. Significance of local air velocity 
 
Working principle of vehicle air-conditioning and 
ventilation system is based on introducing of conditioned 
air in the vehicle cabin space through the adjustable 
diffusers. This airflow causes changes in local and overall 
microclimate conditions, consequently changing the heat 
loss from operator's body too. The airflow is characterized 
by spatially distributed local air velocities and air 
temperatures. The fact that it is easier to control and 
change velocity and direction of the airflow than air 

temperature, indicates the importance of research of air 
velocity distribution around the operator. 
Standard ASHRAE 55-2009 suggests elevated air 
velocities up to 1.2 m/s, but only if the air speed is under 
the control of exposed person and in temperature range of 
28 – 31°C. These values apply to a lightly clothed 
sedentary person (0.5 - 0.7 Clo), with metabolic rates 
between 1.0 and 1.3 Met [1], [4], hence applicable to the 
conditions in an operator enclosure of mobile machinery. 
The increase in the difference between the temperatures 
of ambient air and (colder) local airflow leads to the 
preference for lower air velocities [11]. On the other 
hand, higher metabolic activity, up to 3.2 Met for mobile 
machinery operation [4], could allow higher air velocities. 
One of the most influencing parameters for thermal 
sensation and sensation of air quality is quality and 
characteristics of the air in breathing zone, a semi-
spherical space around mouth and nose. From the point of 
perceived air quality, still air in the breathing zone is not 
acceptable in warm ambient, even when overall comfort 
is achieved [2], [13]. 
 
3. THERMAL CONDITIONS INSIDE A 

TRACTOR CAB 
 
In the design of the air-conditioning and air distribution 
system of mobile machinery, the most adverse 
environmental conditions that can be encountered in the 
local region must be taken into account [18]. This means 
that a tractor cab could be exposed to maximum outdoor 
air temperature greater than 30°C, and to total solar 
irradiation on outer surfaces up to 1000 W/m2, with 
prolonged periods of unchanged tractor position related to 
the sun. 
The most intensive heat flux that enters the cab is result of 
solar radiation through the glass (five to ten times larger 
than by other modes of heat transfer). Even in the 
moderate outdoor conditions, solar radiation can cause the 
rise of the interior air and surface temperatures above the 
acceptable values regarding the thermal comfort, health 
and safety. This is also one of the most influencing factors 
on thermal sensation and comfort, and one of the main 
causes of discomfort, even in cold environment. Without 
any shading device, direct, diffuse and reflected radiation 
can create thermal load of about 800 W/m2 [15]. In 
addition, the operator is exposed to the long-wave 
radiation emitted from hot interior surfaces. 
In the most cases, it is not possible to accurate describe 
the thermal conditions inside a vehicle cabin by a single 
value, even when the value combines influences of the 
microclimate factors. An example of thermal comfort 
index is Fanger's PMV index (Predicted Mean Vote), 
which is, together with DR index (Draught Rate) applied 
in the standards for moderate indoor climate [15]. Due to 
complex nature of the thermal environment in a vehicle 
cabin, other assessment parameters were developed, for 
example equivalent temperature. Equivalent temperature 
teq is defined as a temperature of a homogenous space, 
with mean radiant temperature equal to air temperature 
and with zero air velocity, in which a person exchange the 
same heat loss by convection and radiation as in the 
actual conditions [22]. The equivalent temperature can be 
evaluated for whole body (teq body) or for body segments 
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(teq segm). As the equivalent temperature is based on dry 
heat loss from the human body, it can be determined from 
thermal manikins. Thermal manikins are complex 
measuring devices in the shape of human body, which can 
"sense" heat loss from body segments. Fig. 3. It is 
possible to determine equivalent temperature without 
thermal manikins, using other less expensive 
instrumentation [22]. In any case, need for the presence of 
a human body in a vehicle cabin must not be ignored. 
 

 
 

Fig.3. Thermal manikin called ADvanced Automotive 
Manikin (ADAM) made by National Renewable Energy 

Laboratory [16] 
 

 
Fig. 4. Virtual thermal manikin developed on FTS – Novi 

Sad 
 
As an alternative to the experimental research, a 
mathematical model of the operator-cab-environment 
system can be used. An analytical approach for evaluation 
of the processes that occurs in this system is limited in 
comparison with simulations done by computational fluid 
dynamics (CFD). In addition to the numerical model of a 
vehicle cabin space and air distribution system, it is 

necessary to have a geometrical and thermal model of a 
human body, the so-called computer simulated person 
(CSP). When the geometric shape and/or 
thermoregulation of the CSP are simplified, it is more 
appropriate to call this model a virtual thermal manikin 
(VTM). The VTM developed on Faculty of Technical 
Sciences – Novi Sad is shown on Fig. 4. This virtual 
manikin is experimentally verified and it is intended for 
comparative evaluation of settings and design of the 
vehicle cabin air-conditioning systems. 
 
4. CHARACTERISTICS OF AN AIR 

DISTRIBUTION SYSTEM BASED ON 
HUMAN THERMAL SENSATION 

 
Starting point in design of any cabin HVAC unit is to 
determine how many cooling and heating power is needed 
for the application. This is done by calculation of heat 
losses in winter and heat gain in summer, in order to 
obtain desired thermal conditions inside the cabin. 
Standards for operator environment in self-propelled 
machines suggest that vehicle AC system should achieve 
required thermal conditions in defined period of time, 
usually less than one hour [3], [21]. However, during that 
transient regime, thermal sensation of the operator is very 
important and must be as close as possible to the thermal 
comfort.  
 

4.1. Air distribution system design 
 

As is mentioned above, there is direct relation between 
the HVAC output and the operator during transients. The 
air distribution system should be designed in such way, 
that airflow over the certain part of the body is able to 
remove excess of heat. The heat loss should be within the 
limits that ensure sensation of thermal comfort. These 
limits are determined by the values of neutral equivalent 
temperature [14], [22].  
According to the air jet theory, the air velocity in the 
centreline of the airflow is in direct proportion with outlet 
velocity and in inverse proportion with distance from the 
diffuser to the body surface. This indicates the importance 
of the diffuser position and its outlet velocity on airflow 
characteristics around the operator's body.  
The air jet direction, a distance from the body and the 
velocity profile on diffuser's outlet are the main factors 
that influence airflow characteristics over the body parts. 
These three factors are determined by interior geometry of 
the cabin, operator's position in relation to the diffusers 
and by the design of the ventilation ducts and diffusers, as 
well.  
For example, cabs of modern middle-range agricultural 
tractors are similar in design and shape, and most of these 
cabs have AC air distribution system with diffusers 
placed on the ceiling, due to placement of AC unit in the 
cab roof. The diffusers have circular cross-section in most 
cases and air jet direction can be changed by an operator 
[18].  
In order to investigate the influence of different 
ventilation layouts, the CFD analysis of different air 
distribution designs in the virtual tractor cab regarding 
cooling of the operator's body under the same other 
conditions was performed. Fig. 5. 
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Fig.5. Model of agricultural tractor cab with virtual 

thermal manikin 
 

This CFD analysis was done in STAR-CCM+ software. 
Initial conditions correspond to the hot ambient with cab 
temperature of 30°C, but without solar radiation. Airflow 
through the ventilation system was approximately 380 
m3/h, with the air temperature of 20°C. Three different 
layouts were compared, where diffusers were grouped on 
the instrument panel and on the ceiling.  
The results showed that for the whole body and thermally 
most sensitive body segments, the airflow direction has 
more significance than positioning of the diffusers [19], 
[20]. From that reason, it is important that an operator is 
able to change direction and velocity of air jet from his 
seat. The best results in relation to the neutral values of 
the equivalent temperatures for the whole body were 
achieved with the ceiling front diffusers directed to the 
chest. Highest rate of heat loss from the operator's body 
was achieved in the layout with the instrument panel 
diffusers directed to the operator's pelvis (H-point). This 
regime would be of interest under conditions of solar 
radiation exposure, for example. Difference between the 
best and the worst case regarding the equivalent 
temperature for the whole body was 10 degrees. For 
individual body segments, the difference was significantly 
larger. Fig. 6 and Fig. 7. 
 

 
 

Fig.6. Equivalent temperatures for different direction of 
instrument panel diffusers (hp denotes H-point) 

 
Fig.7. Equivalent temperatures for airflow directed to the 

chest: IP, CF and CS stands for diffusers position on 
instrument panel, on the front and on the side part of 

ceiling, respectively 
 
A control of the microenvironment is also necessary due 
to large individual differences. So called personalized 
ventilation in the vehicle cabin means that airflow 
characteristics are suited to individual thermal preferences 
and that the operator has ability to adjust the system 
according to given situation. For example, when the 
operator is warm and wants rapid cooling during the cool-
down mode, he points the diffuser directly at him. There 
is also risk that the AC system produces unpleasant 
stream of air and the operator must be able to prevent this 
situation. Under thermally acceptable conditions, he 
probably will not tolerate a strong jet of air in the face. In 
this situation is more likely that the operator will prefer to 
have only a light breeze on his face together with good 
circulation of the air within the cabin. 
 

4.2. Diffusers characteristics and air quality 
requirements 

 

Ventilation diffusers should be placed in such a way that 
supply air into the operator breathing zone, without dry-
eye discomfort. A localized flow with a uniform velocity 
profile and low initial turbulence is preferred, therefore 
outlets with large circular cross-section are recommended. 
The air supply at low turbulence intensity maintains 
higher speed along the flow path, minimizing the mixing 
with surrounding air. This also enables easier control of 
the air jet parameters.  
The airflow local velocity should have the ability to 
penetrate the operator's free convection flow, and as a 
minimum velocity can be taken value of 0.3 m/s. 
Temperature of the localized air in the breathing zone 
should be equal or 3÷4ºC lower than the interior air 
temperature. In order to achieve mentioned requirements, 
it is recommended to place these diffusers on distances 
from 0.4 to 0.6 m from the operator's breathing zone. This 
should be in agreement with the geometry of interior 
space of the vehicle cabin.  
 
5. CONCLUSION 
 
This paper presents a human-based approach to the design 
of cabin air conditioning and ventilation system, using 
requirements defined by human thermal sensation. 
Parameter for evaluation of operator's thermal condition 
in the vehicle cabin is equivalent temperature, based on 
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dry heat loss. The ventilation and AC system should be 
designed in such a way that optimum heat loss from 
individual body parts for maintenance of required local 
heat loss is obtained. 
The air jet direction, the distance from the operator's body 
and the diffuser characteristics are identified as the main 
factors that can influence total and segmental equivalent 
temperature. The analysis of three different air 
distribution layouts in the tractor cab showed that 
positioning and direction have strong impact on local and 
overall thermal sensation. Due to wide range of boundary 
conditions and different individual preferences regarding 
the thermal conditions, the air distribution system must be 
controllable in sufficient extent. In the same time, 
breathing zone must be provided with fresh and clean 
cool air, but without discomfort due to the draught and 
eye irritation. 
The aim of this research is to develop design guidelines 
by better understanding of interactions in human-cab-
environment system. Further research will be extended to 
the investigation of a broader range of boundary 
conditions and evaluation of thermal conditions in other 
types of cabins, for example, passenger vehicle cabins.  
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TIME 
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Abstract: This paper provides information about the 
sensation of thermal comfort and indoor air quality (IAQ)  
for an academic amphitheater. The study was realized in 
the amphitheater on the ground floor of Faculty of Civil 
Engineering Timisoara – class without mechanical 
ventilation system, on warm period (in May and June) 
and cold period (in December and January). 
 Environmental comfort determination was made by 
measuring during classes the following parameters: 
indoor air temperature, mean radiant temperature, air 
velocity, relative humidity and carbon dioxide content 
(CO2).  At the end of classes each student expressed his 
opinion about sensation of thermal comfort by completing 
some questionnaires, which were interpreted, resulting 
PMV and PPD parameters.  Thermal comfort in the 
auditorium monitored was partly acceptable, but indoor 
air quality, namely carbon dioxide content (CO2) 
presented a serious increase.  
 
Key words: PPD, PMV, environmental comfort, indoor 
air quality 
 
 
1. INTRODUCTION 
 
The equation of thermal comfort of the occupants in a 
building was obtained by P.O.  Fanger as a results from 
the combination of six key parameters: air temperature 
[°C], mean radiant temperature [°C], air velocity [m/s], 
relative humidity [%], thermal resistance of clothing [clo], 
occupant activity [W/m2] or [met], and also some 
secondary factors (indoor air quality, lighting, noise, 
interior design). Body comfort is also influenced by 
weather,age,sex and season [5], [8], [9]. Indoor 
environments should safeguard and enhance occupant 's 
health, comfort and productivity, as people spend around 
90% of their lives indoor. [10]. Thermal environment is 
one of the most important indoor environmental factors 
that affect health and human performance [6]. 

The main purpose of indoor environmental control is to 
ensure occupants comfort in buildings. Thus have been 
developed different methods of thermal comfort to 
determine if an indoor environment could lead to a 
comfortable living. Thermal comfort is defined in ISO 
7730 as "that condition of mind that expresses satisfaction 
with the thermal environment" [2] .The term "condition of 
mind" already indicates that this thermal comfort is 
subjective and may differ according to individuals even if 
all other conditions are identical. As the result of a 
physical, physiological and psychological process, the 
thermal comfort can be defined only based of 
experimental evidence. Several studies have investigated 
the effects of the thermal environment on human 
performance [12],[13],but little is known regarding the 
mechanisms behind these effects.  One of the most 
important factors of thermal comfort is, without doubt, 
operative temperature. Were analyzed on different aspects 
of thermal comfort, concluded that "when we have 
problems with discomfort, the first step was to remedy the 
situation, bringing the ambient temperature at an optimal 
level."   
The operative temperature to is the uniform temperature 
throughout a radiant black enclosure in which an occupant 
change the same quantity of heat by radiation and 
convection, as a real not uniform ambience. 
 

( ) rao tAtAt ⋅−+⋅= 1  (1) 
where the value of A is given according to relative air 
speed arv , in meters per second. 
 

Table 1. The value of A depending on the relative speed of 
air arv . 
 

arv [m/s] < 0,2 0,2 ÷0,6 0,7 ÷1,0 

A 0,5 0,6 0,7 

 
ASHRAE 55 specifies boundaries of the comfort zones 
where 80% of occupants are thermally comfortable. The 
acceptable values of temperature and humidity are 
indicated by the shaded zones in figure 1. [1] 

 
Fig.1. ASHRAE Summer and Winter Comfort Zones 

[Acceptable range of operative temperature and humidity 
for spaces where the occupants have activity levels that 

result in metabolic rates between 1.0 met and 1.3 met and 
where clothing is worn that provides between 0.5 clo and 

1.0 clo of thermal insulation.].[1] 
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Thermal discomfort is caused by unwanted local cooling/ 
heating of body. Most popular local discomfort factors 
are: radiant asymmetry temperature (hot or cold surfaces), 
vertical temperature difference and the air flow. 
 

 
 

Fig.2. Local thermal discomfort caused by radiant 
Asymmetry [1] 

 

 
 

Fig.3. Local thermal discomfort caused by vertical 
temperature differences [1] 

 
People are more sensitive to vertical temperature 
increases and less sensitive to vertical temperature 
decreases.  
Thermal comfort limits are given by PMV (Predicted 
Mean Vote) and PPD (Predicted Percentage Dissatisfied 
Index) indices.  
 PMV is an index which shows average value of votes for 
a group of people over a period of 7-point thermal 
sensation scale. [2] 
 
Table 2.  Seven-point thermal sensation scale  
 

No Item Explanation 
1.  +3 hot 
2.  +2 warm 
3.  +1 slighty warm 
4.  0 neutral 
5.  -1 slightly cool 
6.  -2 cool 
7.  -3 Cold 

The PMV index is expressed by P.O. Fanger as: 
 

( ) LePMV M ⋅+⋅= ⋅− 028.0303.0 036.0
 (2) 

 

where: 

M - the metabolic rate, or human body heat production, is 
often measured in the unit "Met". The metabolic rate of a 
Sedentary activity (office, dwelling, school, laboratory) 
person is 1,20 Met (1 Met = 58 W/m2); 
L - thermal load - defined as the difference between the 
internal heat production and the heat loss to the actual 
environment  - for a person at comfort skin temperature 
and evaporative heat loss by sweating at the actual 
activity level  [3] 
PPD is the index that establishes a quantitative prediction 
of the proportion of people dissatisfied, who feel heat too 
cold or too hot. [8] 
 
2. STUDY OF THERMAL COMFORT – 

STUDY METHODS  
 
Thermal comfort study was made in Timisoara, located in 
the western part of Romania with a temperate continental 
climate, with an average annual temperature of 11.1 ° C. 
The class where were made the measurements is the 
auditorium from the ground floor of the Faculty of Civil 
Engineering , University "Politehnica" of Timisoara. 
Measurements were achieved in the period of summer 
months (from May to June), when the average air 
temperature was 17.85 °C and in winter months (from 
December to January), with an average air temperature of 
0.5 °C.  [9] 
 

 
 

Fig.4. Building site area (source: Google Maps) 
 

Table 3. Variation of external parameters during 
measurements  
 

 Time text 
[°C] 

φext 
[%] 

vair ext 
[m/s] 

CO2 
[ppm] 

8:00 23.9 50.1 1.6 360 
Summer 

10:30 24.8 49.2 2.5 361 
8:00 1.9 73.5 1.31 445 

Winter 
10:30 9.0 54.7 0.73 449 

 

 
The classroom has plan dimensions 16,50 x14,00 m and a 
height of 4.90 m, and an inclination to the horizontal of 
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18 ° 02 '; orientation N-S corresponds to the long sides of 
the amphitheatre. 
During the summer providing a lower temperature is 
achieved with split air conditioning units mounted on 
both sides above the long exterior windows, and during 
the winter ensuring higher temperatures is achieved by 
heating elements mounted on the outboard sides under the 
windows. 
For the study of thermal comfort the occupants was 
chosen the method where were a total of 40 students in 
the room. During the study, both, in summer and in 
winter, the students were during of annual tests. In both 
situations the duration of examination was 2.5 h, but after 
an hour and a half from the beginning of the exam, the 
students began to leave the room. 
Monitoring parameters: air temperature, mean radiant 
temperature, air velocity, relative humidity and carbon 
dioxide content (CO2) was made during 2.5 h. 
Exploiting conditions of the interior space were without 
possibility of thermal control. The inside parameters were 
influenced by outside weather condition. 
Air exchange between interior and exterior has been 
realized using natural ventilation (joint infiltration and 
windows). 
Measuring instruments used:  
1.) Testo 350, which was connected to four sensors: for 

measuring CO2 concentration, for measuring the air 
velocity (hot wire), humidity, temperature and black 
globe. 

2.) Testo 435, which is connected to a sensor measuring  
air velocity  (hot wire) and temperature,  

3.) Kimo AMI 300, which was connected to a sensor for 
measuring air velocity (hot wire), humidity and 
temperature (location positions shown in Figure 5).  

Measurement temperature, speed and humidity sensors 
were mounted at a height of 1.10 m from the floor, and 
CO2 concentration measurement sensor height of 0.10 m 
from the floor. [4], [11] 
The globe thermometer Ø150 mm, were set up at a height 
of 1.10 m in the middle of classroom.  
To reduce possible errors due the differences between 
devices during measurements, their positions were 
switched every 10 minutes. 
To determine the external wall surface temperature during 
the cold season, it has developed a thermography room 
both inside and outside of the room using thermographs 
equipment FLIRC BCAM. 
On leaving the room each occupant received a 
questionnaire and expressed his opinion on the room 
climate conditions. 
The questionnaire was structured in three parts: 
a). In the first part of the general data of the subjects - 
age, sex, clothing, type of activity; 
b). In the second part is structured subjective perceptions 
of feeling comfortable on: temp. , Air speed, humidity, 
lighting, noise; 
c). And the third part contains data on exterior 
parameters. 
Questionnaires revealed that people were more sensitive 
to the temperature variations than to the humidity 
changes. 

 
a) 
 
 

 
b) 

 
 

Fig.5. Sensor positions in plan a) and section b) of the 
amphitheater 

 
 
3. RESULTS 
 
Figure 6 shows that air temperature showed a sharp 
increase in the first 25 minutes, both in summer and in 
winter, then kept a constant value. 
Variation of indoor air relative humidity were within 
ASHRAE 55 standard comfort, only slightly varying 
around 51% in summer and around 42% in winter, (see 
Figure 7).  
Air velocity in the room was quite small, with an average 
of 0.05 m/ s in both cases (see Figure 8). 
Considering that amphitheater is not equipped with 
mechanical ventilation system Figure 9, shows how CO2 
concentration increased above the permitted value 
reaching approximately 1450 ppm> 1000 ppm in winter, 
compared to the summer time when the concentration of 
CO2 varied in narrow limits by an average of 670 ppm. 
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a) 
 

 
b) 

 

Fig.6. Variation of air temperature on summer time a)  
and winter time b)   

 

 
 

Fig.7. Variation of relative humidity on summer and 
winter time 

 

 
 

Fig.8. Variation of air velocity on summer and winter 
time 

 
 

Fig.9. Variation of concentration of CO2 on summer and 
winter time 

 
At the end of each measurement were filled out 
questionnaires by students to express the thermal comfort 
feeling and the sensation about indoor air quality 
perceived by each student. A summary of these results is 
presented in Fig. 10 and fig.11.  
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Fig.10. Subjective judgments about the acceptability of 
the thermal environmental on summer a) and winter b) 

time 
 
Most students considered the indoor air quality to be 
normal. None of the students considered that there was a 
very good indoor air quality. 
Occupants were more sensitive to temperature variations 
in the expression of comfort than those related to air 
quality.  
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Fig.11. Subjective judgments about the acceptability of 
the IAQ on summer and winter time 

 
Figure 12 shows the variation of air temperature on the 
exterior of north wall surface in the cold season. Average 
temperature on the interior surface is quite close to 
measured indoor air temperature. 
 

 
 

Fig.12. Wall temperature variation on exterior and 
interior surface 

 
In order to determine PMV and PPD indices according to 
Fanger model the occupant activity was estimated to be 
1.2 met (69.84 W/m2), clothing thermal resistance of 0.5 
clo (0.078 m2°C/W) in summer and a clothing thermal 
resistance of 1.0 clo (0.155 m2°C/W) in winter. 
Heat production rate generated by human body through 
oxidation process contains 2 components [7], [8], [9] : 

 rate of work - W (with negative or positive values); 
 interior heat needed – H. 

 
Mathematically can be written: 
 

WHM +=   (3) 
 

Fanger model is based on energy balance principle and 
this means the inside heat produced during metabolism is 
equal with the total amount of heat released by the body 
to environment through convection, conduction, radiation 

and evaporation. Mathematically can be written using 
relation 4: 
 

RESEKCRWMS −−±±±±=   (4) 
 

where: 
S- heat storage [W/m2]; 
M- metabolism [W/m2]; 
W- external work [W/m2]; 
R- heat exchange by radiation [W/m2]; 
C- heat exchange by convection [W/m2]; 
K- heat exchange by conduction [W/m2]; 
E- heat loss by evaporation [W/m2]; 
RES- heat exchange by respiration [W/m2]. 
The thermal balance is satisfaction if S=0 and thermal 
sensation is neutral (see Table 1). 
In order to determine the clothing thermal resistance was 
used tables contained in ASHRAE 55-2004 and ISO 7730 
standards, considering their mean value. 
Two PMV values for same environmental conditions are 
calculated by two different techniques. One using 
subjective response method on ASHRAE 55-2004 with 7 
point of sensation scale and the second is calculated 
mathematically according to ISO7730 calculation 
procedure.  
A summary of average data measured/calculated and the 
results obtained from the evaluation questionnaires is 
presented in Table 4. 
 
Table 4. Summary of average value for PMV, PPD on 
summer and winter time 
 

 SUMMER WINTER 

ta [°C] 27,5 17,9 

tm [°C] 27,2 17,6 

φext [%] 50,9 44,1 

va [m/s] 0,05 0,05 

M [met] 1,2 1,2 

Icl [clo] 0,5 1,0 

PMV   0,87 -0,84 

PPD  21 20 

Subjective 
sensation 

Neutral/ 
Slighty warm 

Slighty cool/ 
Neutral 

 
4. CONCLUSION 

 
Monitoring of four physical parameters: temperature, 
black globe temperature, air velocity and relative 
humidity, and carbon dioxide content (CO2) were made 
only for a period of 2.5 hours on warm period (in May 
and June) and cold period (in December and January). 
Relationship between mean thermal sensation and 
percentage of thermally dissatisfied subjects was in fairly 
good agreement with prediction by PMV/PPD model.  
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Using unit split air conditioning you can keep indoor air 
temperature without being able to regulate indoor air 
quality 
When classrooms with a large number of occupants - 
amphitheatres, aula magna etc. are designed they will be 
obligatory provided, with the mechanical ventilation 
system to assure fresh air and to limit the concentration of 
CO2. To reduce energy consumption, air treatment 
devices will be equipped with variable speed fans and 
mixing valves controlled by a sensor CO2/VOCs; 
During the summer time when the outside temperature at 
night is much smaller (approx. 18 ° C) than the outside 
temperature during the day ( >25 °C), air handling unit 
can be equipped with an integrated, motor-actuated 
bypass for fall and spring and for summer night cooling to 
save energy, thus reducing the need for cooling during the 
day; 
The influence of occupants on the measured parameters 
derived from the energy produced by the body and 
discharged to the environment by: convection, conduction 
and radiation from the body surface, evaporation from the 
skin, heat contained in vapors exhaling and sweating. All 
these factors also depend on the clothing type, on 
individual physical characteristics and each person 
activity. 
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Abstract: In this paper an original design of a mobile, 
periodically operating, active, ecological, universal dryer 
for biological materials, which uses only solar energy for 
whole drying process, is shown. Hot air used as the 
drying agent is perpetrated in flat plate solar collectors 
located laterally on the dryer chamber and is powered by 
electrical fan placed under the roof. Electric power for a 
fan and a control system is generated in PV modules 
placed on the roof of the dryer and accumulated in the set 
of accumulators. Also, experimental results and kinetics 
of the drying process obtained by the prototype of solar 
dryer are given.  

 
Key words: solar mobile dryer, PV panel, drying curve 
 
 
1. INTRODUCTION 
 
Solar dryers can be generally classified as solar radiation 
(direct) ones, whose characteristic is direct exposure of 
the drying material to solar radiation and solar indirect 
dryers which use corresponding collectors of solar energy 
for the preparation of drying agents [4]. They can have 
additional energy sources such as photovoltaic (PV) 
modules or small wind generators for generating 
electricity for a fan and other electrical devices. Also, 
they have differently constructed drying chambers.  
The main characteristic of solar indirect dryers is the use 
of solar energy for the preparation of drying agents. 
Compared to drying directly in the Sun, the drying 
material in these dryers does not get dirty and it is 
protected from insects, dew, rainfall and the other 
possible outside influences. 
Also, these dryers enable better preservation and keep the 
nutritious and biological value of drying material which is 
the most important for the high quality of the final 
product. Solar dryers enable a significantly shorter drying 
time, higher productivity and lower product cost.  

2. MATERIAL AND METHODS  
 
A mobile, universal, ecological, chamber, active, dryer for 
drying the biological material using solar energy 
“MUECHAS” (Fig. 1), [1],[2] is a compact mobile unit 
mounted on a single-axle trailer which enables 
transportation to the working location and fast 
transformation from transportation to the working 
position. Presented concept provides the most favorable 
solar energy reception, better quality of the dried material 
and energy saving.  
This solar dryer is intended for farms that have an arable 
land of about 0.5 ha under medicinal herbs, aromatic 
plants and spice cultures. Also is useful for non-timber 
forest products: fungi, edible fruits and nuts and other 
natural products[6].  
Basic characteristics of the solar dryer are [2]: 

 it is a chamber type with a periodical working regime, 
 the dryer can operate at any location, 
 the drying material is stationary, spreaded on plates 
placed one above the other inside the drying chamber, 

 the drying agent is pure air heated in flat collectors of 
solar energy with adjustable position and slope, 

 the drying agent flows around and through plates 
during the drying process, 

 movement of the drying agent is natural or 
compulsory by using the ventilator, 

 two accumulators built-in at the rear of the trailer are 
used for charging the electromotor of the ventilator 
and they are recharged by electric energy generated in 
PV panels, 

 possibility of regulating the drying process regime by 
recycling the drying agent, 

 softer drying regime, 
 low operating costs, 
 universality, different materials could be dried, 
 ecological, does not pollute the environment, 
 enables a standing time of the material during the 
drying process. 

A telescopic jack (14) with a small wheel enables trailer 
to be turned around the vertical axis and to be placed into 
the best position in relation to the solar radiation angle, 
depending on the time of day and location. Together with 
a jack (12) it enables lifting or lowering of the trailer 
platform to the height corresponding to the optimal 
working angle of the solar energy receiver. These 
functions are significant and enable the optimal solar 
energy reception. Two solar energy collectors for the air 
heating are mounted on the side of the dryer and hingedly 
connected to the frame of the drying chamber, so they can 
be turned around the horizontal axis. This enables 
positioning collectors into a vertical position during 
transportation and also lowering to a required angle of 40o 
below the trailer platform in working position.  
Two photo voltage panels (5) are mounted on the side of 
the drying chamber and the inclined roof surface. Their 
slope can be changed as required and there are used to 
generate electrical energy for fan’s electro motor, 
enabling circulation of the drying agent. During 
transportation, the lower PV panel is lowered to position 
parallel to the wall of the drying chamber.  
Two serially connected accumulators are installed on the 
back of the trailer, for supplying fan’s electro motor. The 
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spare part box, placed next to the accumulators, contains 
remote thermometers and necessary electrical installation 
with an accumulator rectifier. 
At the drying chamber entrance, a shutter with the gas 
thermometer controls the mixture of air from the isolation 
space with heated air from the collector, maintaining the 
required temperature regime at the drying chamber 
entrance. A mobile, universal, ecological, chamber dryer 
for drying biological material using solar energy Fig. 1., 
[1], [2] with the drying chamber, all components and 
devices fixed on a single-axle trailer represents a compact 
mobile unit.  
 

 
Fig.1. Mobile, universal, ecological, active, chamber 

dryer for drying biological materials using solar energy 

(1. Drying chamber, 2. Plate, 3. Solar energy collector, 4. 
System for changing the position of the solar collector, 5. 
Photovoltaic panels, 6. Fan for circulation of the drying 

agent, 7. Exhaust system for the used drying agent, 8. 
Door, 9. Platform, 10. Accumulators, 11. Trailer axel, 12. 

Rear system for changing dryer height, 13. Stabilizer 
jacks, 14. Front system for changing dryer height) 

 
2.1. Characteristics of the adopted solution 

concept 
 

The facts [2]:  
 the intensity of solar radiation is the highest in the 
same time when the agricultural cultures have been 
harvested, from late spring to the late autumn, 

 different kinds of food are dried: fruit, vegetables, 
aromatic plants, spices, fungi and other eatable 
products, 

 most materials must be dried immediately after 
picking in order to preserve quality, 

 the interest for dried biological material has grown all 
around the world, 

 these cultures grow far from urban areas where it is 
hard to deliver expensive fossil fuel and electricity, 

 ener
gy saving and indirect drying methods are required, 

 the requirement for clean technologies and quality 
dried products is more expressed, 

 when using solar dryers, the only and highest item is 
the investment value and costs of dryer construction, 

 from the economic and ecologic aspect the solar dried 

product is more competitive compared to the products 
dried in classical fuels dryers, 

indicate the need and justification for designing a solar, 
mobile, active, ecological, universal dryer for drying 
biological materials. 
 
2.2. Description and characteristics of a dryer 

module prototype 
 
On Fig. 2 a prototype of a module of “MUECHAS” 
dryer is given [3]. The basic dryer components are a 
rectangular prismatic drying chamber with 10 plates 
placed one above the other and the solar energy collector 
- the dryer in the narrower sense. The chamber and 
collector are made of wood and covered by aluminum 
sheet. Collector receiver is covered with glass. 
A hydraulic jack used for vertical positioning of 
chamber to the height that corresponds to optimal angle 
of the solar energy collector, depending on a location 
and conditions, is built-in at the middle of the trailer. 
The front jack with small wheel enables the trailer to be 
rotated in the most favorable position depending on the 
spreading angle of solar radiation during the day. The 
solar energy collector is hingedly connected to the frame 
of the drying chamber. The simplest way for determining 
the optimal position and angle is by using a rod built-in 
the frame of the solar energy collector.  
A photovoltaic panel is used to provide electrical energy 
[5]. An accumulator battery with a corresponding 
regulator is built-in at the rear part of the trailer.  
 

 
 
Fig.2. Prototype of a module of a mobile universal solar 

dryer 
 
A shutter with a flap is installed at the entrance of the 
drying chamber. It enables mixing of air from the wall 
insulation space of the drying chamber and heated air 
from the collector maintaining the required temperature 
regime of the drying agent at the entrance to the drying 
chamber. 
The PV module has power of N=75 W and surface of 
F=0.66 m2. Centrifugal ventilator has three working 
speeds. 
The basic technical characteristics of the dryer module 
are given in Table 1. 
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Table 1. Dimensions of the basic prototype components  

Component Dimensions 
Trailer 1300×2650 mm 
Drying chamber 800×1000×1200 mm 
Collector 805×1180 mm 
Plate (useful) 800×1000(760×920)mm 
Max. and min. height of 
the drying chamber in 
the working position 

 
960/600 mm 
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2.3. Experimental results and kinetics of the 
drying process 

 
For the experiments Dutch spinach leaves are used. This 
culture is selected because of their characteristic 
parameters: exceptionally high starting moisture, 
(moisture content is admw kgkg9 ), high ratio between 
the fresh and dried material 100/8 and availability during 
the whole year. The unit load of the plate surface with 
fresh material was 1.5 kg. Investigation was performed 
on September, 08. and 09. 2005. The following 
parameters were measured: outside temperature, 
temperature of the drying agent at the entrance of the 
drying chamber, temperature of the material, flow speeds 

of the drying agent and mass of the material samples on 
representative plates (the 1st, the 4th and the 7th). 
Mass of the absolutely dry material was defined by drying 
a corresponding sample in a laboratory dryer using a 
standard method. 
The corresponding drying curves are given in Figs. 3 and 
4 for the following conditions: 

 The mean value of drying agent temperature during 
the first day was Ct o

mIda 5,46= and the second day  

was Ct o
mIIda 778,38= ; 

 The mean value of outside temperature during the 
first day was Ct o

Ime 3,31=  and the second day was 

Ct o
IIme 8,28= , 

 The relative humidity of the air during the first day 
was %3,42=emIϕ and the second day was 

%3,46=emIIϕ . 
The values of the outside air temperature and the drying 
agent temperature measured during the day are presented 
in Figs. 5 and 6.  
 
3. RESULTS AND DISCUSSION  

 
Operating quality of the solar energy collector and whole 
solar dryer is evaluated through two parameters:  
1. Attained drying agent temperature measured on the 

collector exit  
2. Difference between the drying agent temperature and 

the temperature of outside air on the collector 
entrance. 

Oscillations in temperature values are obvious and they 
are in accordance with part of the day and also the 
occurrence of cloudy periods during the day. 
Presented experimental results on figures 5 and 6 
definitely show that, although the weather conditions 
ware not well and with long cloudy periods, obtained 
values of the drying agent temperature and its increase 
from starting values (outside air temperature) are 
significant and the solar energy collector satisfied 
completely. The temperature differences between 
temperatures of the drying agent and outside air rise up 
over 20oC. 
Presented drying curves, based on experimental results 
obtained on representative plates 1, 4 and 7 and presented 
on figures 3. and 4, give a clear picture of the unevenness 
of the drying process inside the drying chamber. This is 
the main disadvantage of all chamber dryers. For that 
reason changing of plate positions during the drying 
process is usual in practice.  
Also, it is obvious that a significant moisture reduction of 
the material occurred during the night (figures 3 and 4).  
The middle value of moisture contains decreased from 6.5 
to 5, roughly. That is mainly the consequence of the 
wooden structure of the drying chamber.  
Analysis of the material’s drying curves gives clear 
picture of the high moisture separation intensity from a 
moist material.  
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4. CONCLUSION 
 
A mobile, universal, ecological, chamber, active, dryer 
for drying the biological material using solar energy 
“MUECHAS” is originally designed to satisfy three 
basic requirements of the drying process: maximal 
process intensity, good quality of the dried material and 
minimal energy consumption.  
Its construction provides following benefits:  

 operation at any location,  
 insignificant exploitation costs,  
 universality,  
 possibility of drying products as soon as they are 
picked,  

 the most favorable reception of solar radiation by 
following the Sun's apparent daily movement,  

 better nutritious and biological values of dried 
products,  

 a better economic effect as it uses free energy. 
The research performed on the prototype of a module of 
the “MUECHAS” show that obtained temperature values 
of the drying agent and speeds of drying agent circulation, 
as well as obtained drying kinetics of the drying process 
show that the dryer can be successfully used for drying 
different biological materials (fruit and vegetables and 
medicinal, aromatic herbs and spices). 
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Internal combustion engines (ICE) are one of the most 
mature cogeneration technologies, available for a wide 
range of capacities (3 kW – 20 MW) and high electrical 
efficiency (35 - 45 %). The useful heat is recovered from 
two different circuits, the exhausts gases with typical 
temperatures between 300 - 400 ºC and the refrigeration 
circuit of the engine producing hot water up to 90 ºC. ICE 
are able to use liquid or gaseous fuels like diesel, natural 
gas or biogas and the overall efficiency range from 65 to 
92 %.[12] 
A small scale trigeneration system for an office building 
was developed, based on a water cooled gas alternative IC 
engine, and a heat pump [13]. The recuperating IC engine 
utilizes waste heat of the water cooling system, but also 
exhausts gasses via a heat exchanger unit. Another 
household micro scale trigeneration system 
experimentally investigated in a laboratory [14], proving a 
measured trigeneration efficiency reaching 63,7% at 
engine full load, which is three times more efficient than 
the measured single generation strategy, whereas  the 
measured CO2 emissions per kW in trigeneration mode 
are  also 3 times lower. The system is based on a diesel IC 
engine whose exhaust gasses are used as waste heat to 
drive an absorption unit. It was concluded that the engine 
load has to be over 50% in order to produce exhaust gas 
temperatures suitable for waste heat utilization. 
 
4. SMALL SCALE TRIGENERTION 

ESTIMATED ANUAL PERFORMANCE 
 
The sinthesis and design of cogeneration and 
trigeneratition system for the residential or comercial 
sector must be conducted with respect to the site domand. 
For residential buildings, demand is greatly affected by its 
climatic conditions, construction properties and 
occupancy. Determined demand of the deisnged 
trigeneration afffects also affects its operation and 
exploitation behaviour but also its economic performance, 
since it causes annual fluctuations in conumed energy. 
Usually, demand is estimated for a one year peridod [12, 
15-17] 
In this paper demand was modeled and estimated using 
RetScreen 4.1 free software, which was chosen according 
to the conducted energy system simulation software 
survey [18] Trnsys or Energy Plus software may also be 
used for determining heating and/or HVAC performance 
of buildings with greater precision [19-21]. A typical 
office building with 5 floors and average floor area 
1000m2 was used for this study. TrnBuild can provide 
detailed demand results of such a building, as described 
for a 3 zone building [25]. In this paper, an average heat 
demand for the design temperature is 75kW/m2, which is 
the average value for Serbia. The results were obtained 
using the following properties of the building envelope: 
total thickness of 0.38m, coefficient of heat transfer (u-
value)  0.726w/m2K, convective heat transfer coefficient 
of a wall (front and back) of 11kJ/hm2; heat transfer 
through windows is rated 0.726 w/m2K, absolute solar 
radiation through glazing coefficient is set to 0.5, and sun 
exposure ratio is 50%. Indoor heating  temperature is 
22oC, whereas indoor cooling temperature is 26oC.  
RetScreen determines building envelope properties in the 
building envelope energy efficiency model, where 

demands and/or insulation savings can be calculated with 
respect to total wall, window and wall area towards the 
sides of the world are taken into account. Heat transfer 
coefficient, sun radiation through glazing and percentage 
of solar insulation is also supported. While trnsys takes 
advantage of hourly and weekly heating/cooling 
equipment, RetScreen environment deals only with 
monthly values. The resulting TrnBuild annual hourly 
estimated demand when averaged on monthly bases, gave 
results with up to 13% difference to RetSrceen estimation. 
For the purpose of this study, the demand is estimated in 
RetScreen. The demand of the base case and proposed 
trigeneration case are presented in figures 4 and 5. The 
heating demand is higher during summer for trigeneration 
since heat is used to fire the absorption chillers for 
cooling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4. Estimated monthly average loads for the office 
building 

 
A software survey [18] that has been conducted 
pinpointed RetScreen4 as a software capable of 
conducting also econimic analysis for energy system 
projects. This econimic analysis provides instant info 
weather the chosen equipment meets the peak loads, 
annual energy savings CO2 emmision reduction, and 
provides a biref summary of the investments and 
cashflow.  The base case assumes the foolowing 
configuration: electric cooling chillers, with coefficient of 
performance value 3. Average cooling load 41w/m2. The 
proposed case equipment was chosen according to the 
load estimation. Base load power and heating system 
consist of natural gas fired Capstone C65 gas turbine, 
65kW power capacity with 358.9kW heating capacity. It 
is capable of meating the heating load at design 
temperature. Waste heat from the prime moover is used 
for cooling in the summer period via 3 Thermax LT-3 
106kW units, with coeficiant of performance value 1,2. 
The units can be turned on and off, accoriding to the 
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cooling demand. The proposed system enalbes a 
significant electricity saving in full power and power load 
following operating strategy, as seen from the diagrams. 
The full power output enables 91 MW of electriciety to be 
exported to the grid. 
 
5. PROPOSED TRIGENERATION SYSTEM 

DESCRIPTION 
 
The proposed case consists of 2 Thermax LT-3 212kW 
absorption units with seasonal coefficient of performance 
(COP) of 1.25. The prime mover is Turbec T100 105kW 
natural gas fired gas turbine, responsible for the base 
system load, and the heating rate is 32000kJ/kWh. Due to 
system efficiency, minimum operating load is set to 30%. 
The price for exported electricity used in the analysis is 
taken from the white book of the Serbian Electric 
Company, for cogeneration and its value is 75 euro/MWh.  
The proposed trigenration system be driven in three 
operating strategies, as described in table 1. and 2. 
 
Table 1. Electricity production for 3 operating strategies 
 

  Electricity 
delivered to 

load 

Electricity 
exported to 

grid 

Remaining 
electricity 
required 

Operating 
strategy 

MWh MWh MWh 

Full power 
capacity output 

475 344 267 

Power load 
following 

440 0 303 

Heating load 
following 

76 5 667 

 
Table 2. Heating rates for the tree operating strategies. 
 

Operating strategy Heat 
recovered 

Remaini
ng 

heat 
required 

Efficiency 

Full power capacity 
output 

MWh MWh % 

Power load following 945 121 24.2% 
Heating load following 825 241 32.4% 
 443 623 73.4% 
 

Table 3. Energy production of trigeneration 
 

Proposed case 
system summary 

FULL 
POWER 
LOAD 

POWER 
LOAD 
FOLLOWING 

HEATING 
LOAD 
FOLLOWING 

Load type/ 
 Fuel type 

  

Fuel 
consum. 

E. del. 
(MWh) 

Fuel 
consumed 

E. 
delivered 
(MWh) 

Fuel 
consumed

E. delivered
(MWh) 

Power Base load/ 
 Nat.gas (m³) 

699090 475 375356 440 68444 76 

Power Peak load/ 
 Elec. (MWh) 

17 17 19 19 42 42 

Electricity 
/exported to grid 

  344   0   5 

Power  Total 836   459  122 

Heating Base load/ 
Recovered heat  (MWh) 

945   825   443 

Heating Peak 
load/Nat.gas (m³) 

15942 108 31723 215 81995 555 

  Heating Total 1053   1040  998 

Cooling/Waste Heating  380   
  

380   
 

380 

 Total 380 380 380 

Heat load following offers greatest system efficiency, and 
is capable of meating the heating demand completely. 
However, full power offers highest electricity export 
rates. The proposed case enables 446.9 tCO2 to be saved, 
compared to the electricity produced in the termal power 
plant with efficiency of 35%, 12% of transport and 
distribution losses and 1.43 tCO2/MWh, of electricity. 
Base case produces 1617.5 tCO2/year, where as the 
trigeneration system produces only 452 tCO2/year, 
calculated for 12% for distribution loss. It is obvious that 
trigenration offers significant CO2 savings of almost 63%.  
 
6. ECONOMIC FEASIBILITY ANALYSIS 
To estimate economic feasibility of the trigeneration 
project, a cost benefit analysis was used [25]. The project 
was estimated according to calculated parameters for the 
period of 20 years. However, for the purpose of this 
study, a cost benefit analysis is conducted, which provides 
beter insight of the projects economic efficiency than the 
proposed software. 
The economic analysis includes: 1) A financial analisys 
showing the sustainability of cash flow, showing the 
consistency of cash flow of the revenues and expences; 2) 
financial project profitability independent of the source of 
financing; and 3) Financial profitability of the investment 
which shows the amount of the acquired revenues to the 
invested capital.  
The economic life of the project is estimated to 30 years, 
since it is a capital investment. The financial asumptions 
used in the analysis are the following: Price of exported 
electricity accoridng to the white book of the Serbian 
Electric Company, is 7.5 euro cents per kWh, taken for 
cogeneration. For the evaluated future revenues and 
expences , i.e. inflation impact, constant price model was 
used, corrected  by a real price growth of 0.6%. Since the 
end of the project lifecycle does not predict revenues 
originating from selled assets, there is no residual value. 
Initial investment is calculated according to specific cost 
of the proposed technologies per kW. For the gas turbine, 
1760 euro per kW was accounted for, and for the 
absorption chillers 836 euro/kW of cooling power. These 
costs include equipment, licencing, installation costs etc. 
Project revenues originate from exported electricity and 
energy saved compared to the base case. Waste heat 
produced during summer drives the chillers for cooling, 
which reducedes electricity demand in the summer, 
however natural gas is required for the process.  
Summary of energy delivered and fuel consumption 
estimation is given in table 3. A tarif system that the 
company “Beogradske elektrane” uses to charge district 
heating costs is used for base case scenario to calculate 
potential energy savings acquired by trigeneration. The 
price of this is 0.06 Eur/kWh. This starif system also 
includes aditional annual payement for installed hating 
capacity, but this part is persumed to be equal in both 
cases, and thus neglected. Anual operating profits are 
summerized as: 1) 6,415.00 eur/y for full power capacity, 
2) 5,6711.00 eur/y for power load following, and 3) 
66,649.00 eur/y for heat load following. 
The analysis is conducted for the heat load following 
strategy, since it offers greatest energy saving profit. This 
could change if the reduction of installed capacity with 
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trigeneration is accounted for. The following parameters 
were calculated to investigate financial and economic 
feasibility of the project [25]: 
Net annual savings: 

∑ ∆                                                           (1) 

Where: B-total annual savings; Bt – energy savings for 
one year (t=1…n); ∆  - exploitation cost change. 
Net present value PNV: 

∑ / 1                                                   (2) 

Where: d – discount rate; n – estimated project lifetime, B 
– annual net cash flow (revenue).  
Since the revenueas are persumed constant during the 
project lifetime, NPV is calculated as: 
Net present value ratio is calculated as: 

NPVQ=NPV/PVI       (3)   

Financial rate of return FRR was as the using the 
Microsoft Excell built in command which uses iterative 
procedure. 
 
7. RESULTS 
The described analysis was conducted for the economic 
lifetime of the project estimated to 30 years. Simple pay 
back period, based on a constant price model corrected  
by a real price growth of 0.6% is 5.2 years. Net cash flow 
during the life cycle is positive during the entire lifecycle, 
and the cumulative net cash flow is 2,104,298 euro et the 
end of life cycle. 
NPV, FRR and NPVQ are calculated to determine cost 
profitability of the project (NPV(C), FRR(C), NPVQ(C)), 
financial profitability of the project (NPV(K), FRR(K), 
NPVQ(K). Additionaly, economic profitability  analysis 
was conducted, where additional CO2 saving accounts for 
15 euro per tCO2 saved in the revenues. 
Inicial estimated investment:362,032.00EUR,  
 
Table 4. Project proitability parameters 
 

 NPV FRR NPVQ d 
Cost 
profitability 

1,077,033.69 18.66% 2.97 5% 

Financial 
profitability 

680,953.99 18.66% 1.88 5% 

Economic 
profitability 

1,158,626.83 24.49% 1.55 3.5% 

Net cash flow at the end of lifetime 78.802 
Kumulative net cashflow at the end of 
lifetime 

2,101298 

 
In order for the project to be profitable, the following 
conditions must be met: FNP≥0, FRR≥d. The results 
obtained are presented in Table 4. 
 
8. CONCLUSION 
In this paper, financial feasibility of a small scale 
trigeneration system application in an office building was 
studied. Comercially available free software was used to 
determine basic annual system performances, in the terms 
of fuel consumption, heat and power production and 
energy savings. 

Due to the current feed-in tarif system in Serbia, and 
dominant district heating tarifing based on heated area 
instead of energy supplied, many energy efficiecny 
projects are still financialy not feasible. 
Operating strategy with greatest cost saving revenues in 
this scenario is heat load following.  
A financial and economic analysis was conducted for the 
most profitable scenario operating scenario, which 
sugested greatest potential energy savings. This is caused 
by the low feed-in system in Serbia. This operating 
regime also has the gighest overall efficiency. The 
calcualted NPV values are for the lifetime of 30 years are 
positive, and the FRR valuesa re higher than the discount 
rate, indicating that the project is financialy profitable.  
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DEHYDRATION PROCESS OF GYPSUM 

BOARD AT ELEVATED 
TEMPERATURES  

 
Remigijus GUOBYS 
Vladas VEKTERIS 

Vadim MOKŠIN 
 
 
Abstract: This article analyses influence of gypsum 
board’s dehydration effect on behaviour of multilayered 
mechanical structure under fire conditions. The surfaces 
of mechanical structure were heated in furnace for a 
specified period of time. Temperature plots were 
obtained. The experimental results were verified 
numerically. The data obtained allows to calculate 
convection coefficient of gypsum board fitted in 
multilayered structure.          
 
Key words: dehydration, temperature, gypsum board, 
multilayered structure 
 
 
1. INTRODUCTION 
 
Modern constructions often contain multilayered 
mechanical structures which can withstand high 
temperatures for a long period of time. Such mechanical 
structures are widely used in residential, commercial and 
industrial buildings, thermal and nuclear power stations, 
space stations, ships and airplanes. They also are used as 
fixed or mobile partitions to protect premises and people 
against fire. 
These structures must satisfy certain requirements [1-3] 
related to their high-temperature stability. Experimental 
investigations of such structures (fire resistance tests) are 
carried out according special specifications [2]. These 
investigations comprise measurements of temperatures 
and thermal deformations at certain points [3].    
The main structural component of such type structures is 
the core layer. In some cases gas and polymer fillers [4] 
are used in the structures, but these structures are 
expensive and complicated. Wood exhibits good thermal 
insulation properties, but its protection time interval is 
limited due to the high combustion rate (approx.                   
2 mm/min [5, 6]. 
Gypsum is the most common sulphate mineral and is 
usually found under beds of rock salt as it's one of the 

first minerals to crystallize from evaporated salt waters 
and is also produced in volcanic areas and in rock veins 
due to the action of sulphuric acid. The thermal 
dehydration reactions and products of the gypsum have 
been extensively studied at both negligible vapour 
pressure and under various confining pressures [7], 
revealing a small stability field for gypsum, terminated by 
the onset of dehydration. The rate of decrease of the 
thermal expansion coefficient decreases as the 
temperature increases, leading to high-temperature limits 
of 3.98×10-6, 4.36×l0-5, 2.53×l0-5, and 6.96×10-5 1/K, 
respectively [7]. 
With knowledge of properties and measured temperatures 
with time, an apparent thermal conductivity of the 
gypsum sample can be calculated using the following 
equation [8]: 
 

( )
TA

CMCMlF
k gpgsps

∆⋅⋅

⋅+⋅⋅⋅
=

2
....  (1) 

 
where k is the apparent thermal conductivity, F is the 
temperature increase rate of the steel slug, l is the gypsum 
sample thickness, Ms and Mg are the masses of steel and 
gypsum sample, respectively, Cp.s. and Cp.g. are the heat 
capacity of steel and gypsum sample, respectively, A is 
the gypsum sample area and ∆T is the temperature 
difference across the gypsum sample. 
In Equation (1), Cp.g. was assumed to be constant with 
temperature [8]. 
The bending strength of the gypsum board specimens was 
defined as the maximum load achieved in the initial linear 
portion of the load-displacement plot [9]. Often 
significant additional load was resisted after the first crack 
formed. Maximum loads ranged from 5% to 150% greater 
than that associated with load to first crack depending on 
temperature [9]. This indicates that the gypsum has 
reserve structural capacity after cracking but if hot gasses 
penetrate the cracks the practical significance of this 
reserve capacity may be moot.  
The strengths and bending stiffness of the specimens 
depended on the orientation of the specimen in the 
original gypsum board panel [9]. When the length of the 
specimen coincided with the long direction of the panel, 
the strength and stiffness were significantly higher than 
they were when the length of the specimen was oriented 
parallel to the panel width [9]. This distinction was 
reduced at higher temperatures [9]. 
This paper investigates behaviour of materials which able 
to cool the structure heated in fire for some period of 
time. The gypsum plate was used for cooling of the steel 
in this study. 
 
2. OBJECT OF INVESTIGATION 
 
Fire resistant multilayered structure (Fig. 1, a, dimensions 
H×W: 2100×980 mm) consisting of 1 mm thick steel 
sheet, 10 mm thick gypsum board, 50 mm thick stone 
wool (density 140 kg/m3) layer and 1 mm thick steel sheet 
was chosen as an object of investigation. A door was 
installed into the brick wall fastened to the furnace as 
shown in Fig. 1, b. Because the investigated structure is 
asymmetrical with respect to the vertical centre plane, it 
was investigated under different fire conditions. In the 
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first case (shown on the right side (from the viewer‘s 
perspective) of Fig. 1, b) gypsum layer was located closer 
to the flame than stone wool layer. In the second case 
(shown on the left side (from the viewer‘s perspective) of 

Fig. 1, b), stone wool layer was closer to the heat source. 
The door frame was made of 2 mm thickness U-shape 
steel profile filled with stone wool (density 33 kg/m3). 

 

 
                                        a)                                                                                           b) 

 
Fig.1. Scheme of investigated multilayered structure (a) and photography of the brick wall with specimens fastened to 

the furnace (b): 1-26 - temperature measuring points; D1-D11 - thermal deformation measuring points 
 
3. NUMERICAL AND EXPERIMENTAL 

INVESTIGATIONS 
 
The numerical simulation was performed by means of 
SolidWorks Simulation software. The convective heat 

transfer coefficient versus time plot shown in Fig. 2 was 
used for numerical simulation. 
Steel properties versus temperature are shown in Fig. 3. 
Experimental data and numerical simulation results are 
presented in Fig. 4 and Fig. 5. 
 

 
 

Fig.2. Convective heat transfer coefficient vs time 
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                                                     a)                                                                                     b) 

 

Fig.3. Properties of the steel vs temperature:  a) - thermal conductivity; b) - specific heat 
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Fig.4. Temperatures measured at the points 14-18 (Fig. 1) as the function of time 

 

 
 

Fig.5. Temperatures at the points 14-18 (Fig. 1) as the function of time. Results obtained from SolidWorks® Simulation 
software 
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4. CONCLUSION 
 
With knowledge of structure materials properties, the 
differences between simulation and experimental data are 
only about 2-8%.  
 
 
REFERENCES 
 
[1] Guobys, R.; Vekteris, V. (2009). Temperature 

deformation tests of multilayer mechanical structures, 
Proceedings of the 14th international conference 
“Mechanika-2009”, April 2-3, 2009, Kaunas, 
Lithuania, ISSN 1822-2951, pp. 116-121, 
Technologija, Kaunas 

[2] (2000). European Standard EN 1363-1. Fire 
Resistance Tests: General Requirements, European 
Committee for Standardization (CEN), Brussels 

[3] (2000). European Standard EN 1634-1. Fire 
Resistance Tests for Door and Shutter Assemblies -
Part 1: Fire Doors and Shutters, European 
Committee for Standardization (CEN), Brussels 

[4] Linteris, G.T.; Rafferty, I.P. (2008). Flame size, heat 
release, and smoke points in materials flammability, 
Fire Safety Journal, Vol.43, Iss.6, pp. 442-450, ISSN 
0379-7112 

[5] Joyeux, D. (2002). Experimental investigation of fire 
door behaviour during a natural fire, Fire Safety 
Journal, Vol.37, Iss.6, pp. 605-614, ISSN 0379-7112 

[6] Ghazi Wakili, K.; Wullschleger, L.; Hugi, E. (2008). 
Thermal behaviour of a steel door frame subjected to 
the standard fire of ISO 834: Measurements, 
numerical simulation and parameter study, Fire 
safety journal, Vol.43, Iss.5, pp. 325-333, ISSN 
0379-7112 

[7] Schofield, P.F.; Knight, K.S.; Stretton, I.C. (1996). 
Thermal expansion of gypsum investigated by 
neutron powder diffraction, American Mineralogist, 
Vol.81, July-Aug, pp. 847-851, ISSN 0003-004X 

[8] Park, S.-H.; Manzello, S.L.; Mizukami, T.; Bentz, 
D.P. (2008). Measurement of thermal properties of 
gypsum board at elevated temperatures, Proceedings 
of the fifth international conference on structures in 
fire (SiF’08), 28-30 May, 2008, Nanyang 
Technological University, Singapore, ISBN 978-981-
08-0767-2, Tan, K.H.; Kodur V.K.R; Tan, T.H. (Ed.), 
pp. 656-665, Sif’08 Organizing Committee, 
Singapore  

[9] Cramer, S.M.; Friday, O.M.; White, R.H.; 
Sriprutkiat, G. (2003). Mechanical properties of 
gypsum board at elevated temperatures, Proceedings 
of the Fire and Materials 2003 Conference, 27-28 
January, 2003, Hyatt Hotel Fisherman’s Wharf, San 
Francisco, California, USA, ISBN 0-9541216-1-9, 
pp. 33-42, Interscience Communications Limited, 
London 

 
 
 
 
 
 
 
 
 
 
 
CORRESPONDENCE 
 

 

Remigijus GUOBYS, Ph. D. Student 
Vilnius Gediminas Technical University 
Faculty of Mechanics 
Department of Machine Engineering 
J. Basanavičiaus Str. 28 
03224 Vilnius, Lithuania 
remis@door.lt 

 

 

Vladas VEKTERIS, Prof. Habil. Dr.  
Vilnius Gediminas Technical University 
Faculty of Mechanics 
Department of Machine Engineering 
J. Basanavičiaus Str. 28 
03224 Vilnius, Lithuania 
vekteris@vgtu.lt 

 

 

 

Vadim MOKŠIN, Assoc. Prof. Ph. D. 
Vilnius Gediminas Technical University 
Faculty of Mechanics 
Department of Machine Engineering 
J. Basanavičiaus Str. 28 
03224 Vilnius, Lithuania 
vadim@vgtu.lt 

 



 

 281

 
JIT-CURRENT PRACTICES AND 

FUTURE DIRECTIONS FOR RESEARCH 
 

Cristiana VOICAN 
Constantin STANESCU  

 
 

Abstract: Just-in-time (JIT), as an operational 
philosophy, has been of great interest to manufacturers 
and researchers alike over the past decade. During the 
early 1970s, the application of this philosophy 
strengthened their competitiveness in the automobile 
industry. Other Japanese companies adopted the policy 
and US firms found they had lost much of their edge in 
manufacturing.The 1980s was catch-up time for western 
manufacturers. They looked closer at importing the just-
in-time philosophy and researchers studied  both eastern 
and western implementations. 
 
Keywords: JIT,manufacturing,service,directions 
 
 
1. INTRODUCTION 
 
The American Production and Inventory Control Society 
defines JIT as: 
A philosophy of manufacturing excellence based on 
pursuit of the planned elimination of all waste and 
consistent improvement of productivity.  
It encompasses the successful execution of all 
manufacturing activities required to produce a final 
product from design engineering to delivery and including 
all stages from conversion of raw material onward 
(APICS, 1992). 
The most common element in all the JIT definitions is the 
description of JIT as a philosophy for manufacturing 
operations. 
Simply removing the word “manufacturing” from the 
APICS definition opens new possibilities for applying the 
techniques commonly associated with JIT to both 
servicefunctions in manufacturing firms and service 
sector firms. 
Research-oriented journals have been slow to consider 
moving JIT from the factory floor to nonmanufacturing 
environments. 
Because both service firms and manufacturing firms 
employ processes to create an end product or service,JIT 
techniques should be applicable to both environments.  

The JIT concepts adopted by many manufacturing 
organizations are process-oriented and can be 
summarized, following , as: 

 total visibility – of equipment, people, material and 
processes; 

 synchronization and balance – of production to sales 
and supply to 

 production; 
 respect for people – line operators are responsible for 
production, 

 problem solving and improvement; 
 flexibility – adapt production to customer needs; 
 lcontinuous improvement – never satisfied with the 
process; 

 responsibility for the operation’s environment – those 
who design, 

 manage and operate the processes are responsible for 
the outcome; 

 holistic approach – company-wide philosophy of 
elimination of waste. 

Each of these JIT themes may be applicable to service 
organizations.  
First, manufacturing firms produce an object, a device, a 
thing, while a service firm produces a deed, a 
performance, or an effort. 
The service is basically intangible. Second, customers are 
often, but not always,involved in the production of a 
service, as can be seen in hotels, air transportation and 
universities.  
This involvement puts the customer in contact with the 
personnel providing the service and with other customers 
receiving the service. 
Third, because the service is provided as needed by the 
customer, the quality of the service cannot be checked 
prior to its delivery, as it can with a manufactured good.  
However, customers often have expectations as to what 
theservice should consist of, influencing their perception 
of delivery quality. 
Fourth, services cannot be inventoried. This fact, 
combined with the consideration that the customer is 
often part of the service process, increases the importance 
of timely delivery.  There are limits to how long a 
customer is willing to wait for the service, especially if 
alternatives are available. 
These differences, however, may increase the importance 
of applying JIT techniques in service sector firms.  
Differences exist not only between manufacturing and 
service operations, but between various service operations 
as well. 
A research-man,Silvestro in 1993 proposed a framework 
for classifying service processes. Three service processes 
were proposed: professional, service shop and mass.  
These three types arecharacterized in terms of six 
different dimensions.  
As the number of customers processed by the service 
increases, the focus changes for each of the six 
dimensions.  
These six dimensions were defined as follows: 
1. equipment/people focus: the core element in the 

service delivery is provided primarily by equipment or 
people; 

2. customer contact time per transaction: the amount of 
time the customer is involved in the transaction; 
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3. degree of customization: the amount of customization 
available or required in the delivery of the service to 
the customer; 

4. degree of discretion: the amount of discretion 
available to the person delivering the service to alter 
the service package or process; 

5. location of value added processes: the proportion of 
customer contact staff (frontline staff) to the total staff 
requirements; 

6. product/process focus: the degree of emphasis on 
“what” is purchased versus “how” it is provided. 

In each of these dimensions, the value and 
appropriateness of JIT techniques may be different. 
 
2. THE USE OF JIT IN SERVICE 
 
A review of the major academic research journals found 
most articles focused on JIT in manufacturing firms. Non-
manufacturing environments have been given little 
emphasis in the research literature. 
However, a review of recent applied journals revealed 
articles describing JIT precepts migrating to 
nonmanufacturing environments. 
These non-manufacturing environments include typical 
service businesses such as insurance firms, retailers and 
mail-order firms. 
The articles highlighting implementation of JIT in the 
internal service components associated with a 
manufacturing firm, such as order entry and invoicing, 
were available.  
These articles reveal JIT techniques successfully moving 
from the factory floor to the office environment. We have 
summarized 
these current applications of JIT techniques in services 
using a slightly modified form of Benson’s (1986) 
guidelines for applying JIT in service: 

 synchronization and balance of information and work 
flow; 

 total visibility of all components of the process; 
 continuous improvement of the process; 
 holistic approach to elimination of waste; 
 flexibility in the use of resources; 
 respect for people. 

Further, in each of these sections many of the differences 
between service and manufacturing operations are noted.  
JIT applications discussed in the literature are briefly 
summarized under one of these categories. In many cases, 
an article provided examples for several of the categories 
because of the wide variety of JIT techniques discussed. 

a.Total visibility of all components of the process 

JIT emphasizes that all components of the processes 
employed to produce agood or service should be visible to 
those participating in the process.  
This allows process participants an opportunity to learn, 
inspect and improve those processes. Because customers 
are often part of the service process, they may define the 
value and quality of the service by what they see in the 
process. 
Northern Telecom Inc.’s (NTI) Customer Service Center 
borders the traditional manufacturing environment 
(Savage-Moore, 1988) and the implementation is a good 

example of providing visibility through the use of work 
cells.  
This unit of NTI has the labour-intensive responsibility of 
repairing 
printed circuit packs (PCPs). For an individual PCP, it is 
difficult to predefine the specific repair process required, 
not unlike a job shop environment. 
The work cell concept was applied to keep all work on a 
PCP performed within a single cell and by one team of 
employees. 
This provided all employees repairing a PCP with 
visibility as to the repair needs and processes used to 
repair the product. 
Additionally, employees were cross-trained to staff the 
cells and jobs were redefined to recognize employee 
training efforts. 
Over a two-year period, NTI saw customer service levels 
increase from 85 per cent to 100 per cent and quality 
levels significantly improved.  
Work-in-progress inventory was reduced by 75 per cent 
and repair cycle times reduced from one week to less than 
48 hours. 
 
b.Holistic approach to elimination of waste 
 
The JIT philosophy must be adopted throughout all levels 
and in all functions of the organization. Chase (1991) 
provides an excellent argument for and examples of the 
need to consider the service aspects of the manufacturing 
firm as potential areas for competitive advantage. 
He argues further that service innovations typically cut 
across departmental boundaries and cross-functional 
support is required for a successful implementation.  
From a non-manufacturing perspective, inventory and 
purchasing are the most obvious areas for implementing 
JIT techniques because of the common vocabulary, of 
which many examples can be found.  
According to Schonberger in (1983),“the just-in-time” 
concept as applied to purchasing translates into frequent 
releases and deliveries”.  
They developed a list of characteristics describing a JIT 
purchasing environment. As can be seen from the items 
listed below, these characteristics could be descriptive of 
almost any purchasing operation, be it in a manufacturing 
or service environment: 

1. suppliers: 

 few suppliers; 
  nearby suppliers; 
 repeat business with same suppliers; 
 active use of analysis to enable desirable suppliers to 
become/stay price-competitive; 

 lclusters of remote suppliers, competitive bidding 
mostly limited to new part numbers; 

 lbuyer plant resists vertical integration and subsequent 
wipeout of supplier business; 

 lsuppliers are encouraged to extend JIT buying to their 
suppliers; 

2. quantities: 

 steady output rate (a desirable prerequisite); 
 frequent delivery in small quantities; 
 long-term contract agreements; 
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 minimal release paperwork; 
 delivery quantities variable from release to release, but 
fixed for whole contract term; 

 llittle or no permissible overage or underage of 
receipts; 

 suppliers encouraged to package in exact quantities; 
 suppliers encouraged to reduce their production lot 
sizes (or store unreleased material); 

3. quality: 

 lminimal product specifications imposed on supplier; 
 lhelp suppliers to meet quality requirements; 
 close relationships between buyers’ and suppliers’ 
quality assurance people; 

 suppliers encouraged to use process control charts 
instead of lot sampling inspection; 

4.shipping: 

 lscheduling of inbound freight; 
 gain control by use of company-owned or contract 
shipping, contract warehousing, and trailers for freight 
consolidation/storage 

 where possible – instead of using common carriers. 

c. Respect for people 

Because customers are directly involved in the service 
delivery process, service employees play a crucial role in 
affecting the customer’s perception of the quality and 
value of the service. 
Employees must respect customer requirements and 
provide service in a timely and efficient manner.  
Those same employees deserve the respect of the 
company’s management.  
This means helping employees work smarter, not harder, 
through training and supervisory assistance, and involving 
all employees in problem solving and 
processimprovements. 
 
3. FUTURE DIRECTIONS FOR RESEARCH 
 
The 1990 census reported that seven-out-of-ten US 
workers were employed by service sector firms and that 
continued growth in service employment is expected.  
Academicians and researchers cannot continue to ignore 
the evidence from practitioner publications suggesting 
that service industries could benefit significantly from the 
introduction of JIT. 
Productivity improvements in nonmanufacturing 
environments offer the greatest potential for  
improved productivity and competitive growth of US 
firms. We suggest the following actions for increasing the 
speed of adoption of JIT techniques within the service 
sector: 

 modify JIT terminology; 
 include service sector examples in operations 
management courses; 

 ldevelop a framework for research; 
 lapply current JIT research to service operations; 
 develop models for evaluating JIT success. 

a. Modify JIT terminology 

JIT terminology should be modified, where appropriate, 
to reflect service operations. As previously discussed, 

Billesbach and Schniederjans (1989) initiated this process 
by comparing targets for wasteful activities in 
manufacturing with corresponding processes in an 
administrative setting. 
Broader definitions of such manufacturing terminology as 
“work-in-progress”, “inventory”, “waste”, “group 
technology”, and “cellular manufacturing” need to be 
developed to adapt JIT techniques to service operations.  
Continuing the work of Silvestro et al. (1993), JIT 
terminology should be modified to include these service 
processes. 
Further, the distinct differences between various service 
sector firms should be considered with regard to JIT 
techniques. 
Silvestro et al. (1993) recognized major differences 
between service sector firms along six different measures 
of service activities. 
Because service activities vary widely between service 
firms, so too may the applicability of various JIT 
techniques. 
While developing this common terminology, techniques 
currently used in JIT operations must be analysed and 
compared with other service techniques. 
For example, quick response techniques used in retailing 
and distribution could be considered analogous to quick 
set-up techniques in JIT manufacturing firms. 
The researches-men ,Chase and Stewart (1994) started 
this process with their discussion of the use of poka-yokes 
(fail-safe devices to assure quality).  
They developed a framework for considering where poka-
yokes may be used in service operations. 
Many failsafe devices are in use throughout the service 
sector; however, the terminology gap may inhibit 
recognition of the tool.  
For example, the development of an input screen (or 
template) used in an information system is essentially the 
development of a poka-yoke for data entry. Systems 
design textbooks orinformation systems literature do not 
refer to it as such. 

b.Apply current JIT research to service environments 

Studies of JIT in the manufacturing environment should 
be applied and tested in service environments. 
For example, much of the manufacturing research has 
focused on kanban size. A similar situation in service 
organizations requires administrators to determine 
appropriate lot sizes associated with work batches. 
Little direction has been provided to determine 
appropriate lot sizes. Variability of output was discussed 
in the manufacturing studies as a problem associated with 
JIT implementations. 

c.Develop models for evaluating JIT success 

As with manufacturing operations, managers of service 
operations must be provided with models for analysing 
the costs, benefits and overall performance success of JIT 
implementations. Weiters (1984) notes that service 
organizations will not find physical inventory reductions a 
major source of financial  justification. 
Savings from more reliable delivery data quotations and 
better service time for customers may be harder to 
document.  
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Productivity measures for service industries are more 
important than ever before as the service sector continues 
to gain an increasing share of the economy. 
 
4. CONCLUSIONS 
 
These articles suggest that service industries could benefit 
significantly from the introduction of JIT techniques.  
Five recommendations were proposed for increasing the 
speed of moving JIT techniques to service sector 
operations and increasing our understanding of JIT in this 
environment.  
These recommendations can be summarized as: 
1. modifying JIT terminology to encompass service 

processes more naturally; 
2. emphasizing the applicability to service operations of 

JIT techniques to students studying operations 
management; 

3. developing a research framework for the study of JIT 
in services; 

4. applying manufacturing-oriented studies to service 
processes; and 

5. developing appropriate models for analysing costs and 
benefits to service operations of JIT 
implementationsProductivity gains in service 
economies will be crucial to maintaining standard-of-
living levels in those countries. Using JIT methods to 
concentrate on decreasing the time required to provie 
a service, improving the quality of the service and, 
essentially, increasing the productivity of the economy 
are all potential advantages that may result from 
further research into and application of JIT techniques 
in service-oriented organizatio 

 
 
 

REFERENCES 
 
[1] APICS (1992), APICS Dictionary, American 

Production and Inventory Control Society, Inc., Falls 
Church, VA. 

[2] Bagchi, P.K., Raghunathan, T.S. and Bardi, E.J. 
(1987), “The implications of just-in-time inventory 
policies on carrier selection”, Logistics and 
Transportation Review, Vol. 23 No. 4. 

[3] Ballou, M. (1994), “Wal-Mart picks progress tools 
for greater flexibility”, Computerworld, Vol. 28 No. 
9, p. 81. 

[4] Benson, R.J. (1986), “JIT: not just for the factory”, 
Proceedings from the 29th Annual International 
Conference for the American Production and 
Inventory Control Society, St Louis, MO, 20-24 
October, pp. 370-74. 

[5] Billesbach, T. and Schniederjans, M.J. (1989), 
“Applicability of just-in-time techniques in 

administration”, Production and Inventory Management 
Journal, Vol. 30, pp. 40 

[6] International Journal of Physical Distribution & 
Materials Management,Vol.32,pp.31 

[7] Bookbinder, J.H. and Locke, T.D. (1986), 
“Simulation analysis of just-in-time 
distribution”International Journal of Physical 
Distribution & MaterManagement,Vol.32,pp.31-53 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CORESPONDENCE 
 

 

Prof.dr.eng.Cristiana VOICAN 
Technical College of Post and 
Telecommunications and 
Telecommunications 
Bucharest, Romania 
voicancristiana@yahoo.com 

 

 
Prof.univ.dr.eng.Constantin STANESCU 
University Politechnic of Bucharest 
prof_cstanescu@yahoo.com 

 



 

 285

 
GEAR DRIVE UNIT FAILURE  

CAUSED BY STRUCTURAL ELASTICITY 
 

Milosav OGNJANOVIĆ 
Sanja VASIN  
Miloš RISTIĆ 

 
Abstract: Extreme powerful gear drives are with 
relatively elastic structure of housing components. Also, 
supporting and connection with caring structure are not 
rigid enough, including this structure by itself. The article 
contains the analysis of gear unit supporting bearing 
failure of bucket wheel excavator SchRs-1600.  The 
failure occurred in extremely short service life, in the 
form of progressive and catastrophic pitting. Presented 
analysis shows that this phenomenon appeared due to 
multiple synchronized influences which are a direct 
consequence of the structure elasticity, eccentricity of 
reducer and output shaft masses, rigidity of moment lever, 
and local deformations of the bearing area. Improved 
design solution together with mentioned analyses is 
presented.  
 
Key words: bearing, failure, elasticity, bucket wheel  
 
1. INTRODUCTION 
 
Compact bucket wheel excavators (BWE) are complex 
machine systems used mainly for continuous lignite 
excavation on open-pit mines for the needs of electrical 
power industry production. During 20th century the 
development of these systems was based on digging 
capacity increase. The results of such development are the 
present size and bearing construction. Large dimensions 
and masses make the whole structure elastic and under 
great service loads the deformations of excavator’s 
structure and operating organs are significant. The 
complexity of BWE structure has contributed to uneven 
distribution of stress and deformations. During 
exploitation, accidental damages frequently occur on the 
places (local areas - joints) where elasticity and strength 
are not adequately synchronized. These are frequent 
causes of accidental damages, redesigns and reparations 
from which proper articles are generated of which some 
are quoted in a reference list. In work [1] is given an 
overview of destruction causes as design faults, 
manufacturing, operating and environmental faults 

(during exploitation). Usually, the causes of failure are all 
above mentioned influences. In general, failure presents a 
great financial loss and serious risk for workers` safety. 
From a diagram representing the relation between service 
life and digging capacity of BWE structures it is evident 
that with digging capacity increase, service life decreases. 
The main topic of this article is failure study of bucket 
wheel boom tie-rod welded joint. The causes of fracture 
were internal flows which are not allowed for high class 
weld. In the next work [2], the failure of bucket wheel 
slewing platform is studied. Pronounced stress 
concentration was identified as the main cause of failure. 
Design solution for the reconstruction chosen based on 
comparative analysis of stress-strain state of alternative 
solutions has been proposed. By the application of FEM 
analysis, improvement of structure was enabled without 
dismantling of superstructure components. In article [3] 
FEM analysis is used as a basic diagnostic tool of BWE 
load-bearing steel structure for the purpose of failure 
prevention due to uneven share of weight and the mining 
process. Unfavourable stress concentration, inadequate 
geometry, structure of materials and operational 
technology led to crack appearance and reduction of 
structural integrity. In this work, a classification of BWE 
superstructure is represented on functional wholes by 
responsibility to failure appearance. Excavator structure 
can be divided into very important structures, whose 
failure leads to stability loss with a major damage on 
important structures whose failure leads to long delays 
and repair actions during a limited time period. 
Besides excavator structure, accidents in BWE are 
frequent on operating organs and transmition. In article 
[4] a study of bucket wheel supporting axle failure is 
given. A common design of drive mechanisms are gear 
box and axle that passes through a hollow shaft. Improper 
maintenance and inadequate elimination of axle and 
hollow shaft axis misalignment led to fracture. 
Experiments were done over the material with 
metallographic and visual inspections. The FEM analysis 
was done for the influence of disturbance e.g. increase in 
stress concentration and initial crack. Numerous studies 
have been conducted, based on numerical and analytical 
analysis of bearings. Numerical analyses have been 
mostly done under static conditions without sliding 
influence on roller bodies and for dynamical behaviour of 
bearings without defining force magnitude and direction – 
only in some analytical models. Authors of article [5] 
made a numerical and analytical model of bearing for the 
presentation of spatial and time distribution of stress and 
strain on roller bodies and outer bearing ring with 
simulation of local sliding effect on roller bodies. In 
article [6] the authors performed numerical analysis of 
actual bearing capacity under rolling contact of large 
roller bearings with hardened race to determine location 
and time of appearance of rolling race damage (micro 
cracks). The work provides an overview of literature of 
bearing investigations, such as numerous studies of 
dynamical behaviour based on experiments and for 
defects on outer bearing ring race. In [7] is presented the 
study of influence of cooling fan and driving wheel 
unbalances on loads and life of bearings due to mass 
eccentricity that has caused load fluctuations and life 
reduction. Previous works have focused on static 
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equilibrium of bearings, relative displacement of inner 
ring, internal load distribution on rolling bodies, 
numerical analysis of spindle, bearing rigidity, locations 
of external loads, without rotation influences of 
centrifugal forces caused by eccentricity in bearing seat 
area. Research on micro-pitting [8] may be divided into 
two approaches, experimental and theoretical. 
Experimental approach is used for the development of test 
rigs and test procedures to better understand micro-pitting 
behaviour in controlled conditions and to identify the 
parameters that control the problem such as load, 
hardness, sliding speed, temperature and lubricants. 
Theoretical approach is used to study the mechanism of 
micro-pitting predominately by evaluating pressures and 
tractions in rough contacts. In article [8] is done the 
experimental study of micro-pitting using a three-contact 
disc tester. In contrast to the results, the object of work's 
analysis is disastrous failure that has appeared in a 
relatively short time period of exploitation.  Similar 
failures have appeared on railway axles and locomotive 
traction shafts. In work [9] is given the presentation of 
these failures in the form of pitting and fractures of 
bearings parts which caused failures of railway axle. 
Article [10] is devoted to the conclusions in the previous 
work in searching for fracture causes of railway 
locomotive traction shaft. The following analysis is about 
a disastrous fracture of a large-scale bearing in BWE-s 
reducer after a short time period of exploitation.                                                       
 
2. GEAR DRIVE FAILURE DESCRIPTION 
 
After only 1350 service hours, the failure of roller bearing 
has appeared in the reducer of bucket wheel excavator, 
although the calculated nominal service life of this 
bearing is 60,000 hours. Figure 1 shows the position of a 
reducer on BWE and Fig.2 shows 3D model of the 
reducer. The reducer case consists of two wholes, 
planetary PL and no planetary NP  (Figure 2) connected 
with a screw joint SB, which envelopes satellite carrier of 
the last transmission stage PL. Satellite carrier represents 
an overhang supporting the reducer. By conical rings it is 
directly connected to rotor shaft which leans over two 
roller bearings. The rotation of a reducer around the rotor 
shaft axis is prevented by the lever for fixation of FB. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Position of a reducer in the bucket wheel excavator 

mechanism 

 
 
 
 
 
 
 
 

 
 
 

Fig.2. 3D model of a reducer 
 
Fig. 3 shows cross-section of the reducer and satellite 
carrier SK connected with a bucket wheel shaft. The 
reducer, with its own weight, leans over bearings 1 and 2 
on the satellite carrier SK and the on rotor shaft overhang. 
In supports 1 and 2, roller bearings of corresponding 
dimensions are mounted. By the effect of force 
FG=541kN, due to reducers` net weight, bearing 1 is 
subjected to the force F1=904 kN, and bearing 2 also to 
the vertical force F2=361 kN. Calculated service life of 
bearing 1 under this load should be 60,000 hours, but it 
was destroyed after 1350 hours of operation. 
 

 
 

Fig.3. Cross-section of the reducer case with marked 
places for leaning 

 
There are several traces pointing out that failure has 
appeared due to long-lasting surface fatigue of the 
bearing. The surface layer of a rolling path on the outer 
bearing ring was progressively roughened by the 
separation of particles. Due to pitting, bigger cracks have 
penetrated into the depth of rings wall, rapidly spreading 
and breaking off bigger pieces of ring until the biggest 
part hasn’t been taken away. Besides bearing ring, rolling 
bodies have been also damaged, while some of them were 
smashed into pieces or metal dust. Broken parts and 
damaged rolling bodies are shown in Figures 4, 5 and 6. 
A pile of metal sawdust gathered by oil flows for forced 
lubrication is shown in Figure 5. Figure 6 shows a part of 
damaged external bearing ring, where the destruction has 
appeared. Under force influence, the ring surface and then 
big particles have been gradually taken away.  

PL 

NP 

SB 

FB 
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Fig.4. Remains of external ring of the failed bearing 
 

 
 
Fig.5. Metal dust produced by the extended pitting in the 

bearing 
 

 
 
Fig.6. Pitting and broken off parts of the external bearing 

ring 
 
According to these observations, certain conclusions have 
been made. Failure is a consequence of surface fatigue of 
the bearing contact surfaces, which is confirmed by a 
small pile of sawdust found in a reducer that can appear 
only in this way. Although bearings transfer only the 
reducer weight, failure has appeared on one smaller part 

of rings shape as a cause of great force action, whose 
direction and course are closer to horizontal than vertical 
plane. Intrusions of broken pieces between closely 
moveable frontal surfaces of the reducer case and satellite 
carrier have been significantly damaged, while damages 
of gear teeth flanks are much smaller. This is because of 
good oil lubrication rinse.  
 
Reverse bearing calculation shows that the magnitude of 
force which has led to failure is 2800 kN in the course of 
complete service life of  Lh=1350 hours. 
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Dynamic carrying capacity of the bearing is C=2.106 N in 
the course of 106 revolutions and speed of rotation is 3.9 
rpm. The static carrying capacity is also much higher than 
nominal magnitude of force F1=904 kN. 
Observation of the damaged area on the bearing outer 
stationary ring shows that the force which has caused 
failure has direction under the angle of nearly 35 degrees 
to horizontal plane, i.e. acts under the slope, see Figure 7. 
This means that in vertical direction the force of 1606 kN 
acts, and horizontal component is 2293 kN. Since nominal 
value of vertical component of reducers weight is 904 kN, 
and horizontal component should not exist, the basic idea 
of this work is the determination of causes for these 
additional forces appearance. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig.7. Position of destruction area of bearing and ratio of 

horizontal and vertical component of force   
 
 
3. EFFECT OF ELASTICITY OUT OF 

BEARING SEAT AREA 
 

3.1. Effect of gear unit housing elasticity 
 

For the bearing calculation, it was assumed that the 
reducer case is a rigid body. Elasticity of structure can 
lead to change of force direction turning it away to 
horizontal plane and structure conditions causing the 
increase of force magnitude. This fact is supported by the 
eccentric position of reducers mass with motor drive to 
the bearing meridian plane (Fig.3). Mass eccentricity 
generates additional elastic force on bearings.  According 

350
Vertical 
component 

Horizontal 
component 
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to the movement restraints of elastic reducer case, the 
biggest movements are shifted eccentrically to the output 
shaft axis. Due to this, deformations of parts are being 
added and in case that there are no bearings, deformations 
would be significantly bigger on places of supports. In 
Fig.8 are shown deformations on the place of bearing 1 
and 2, on condition that there is no bearing and that on the 
place of bearing 2 there is a clamp. Due to these facts, 
reaction force in bearing 1 has been increased and 
inclined a little from vertical to horizontal direction. As a 
confirmation to this assumption, by applying FEM 
analysis, there have been calculated the magnitude and 
direction of force induced by those movements.   
 

 
 

Fig.8. Elastic displacements of gear housing structure   
 
3.2. Effect of torque fixing structure 
 

To prevent reducer rotation around the exit shaft and rotor 
shaft, reducer is fixed by moment lever – fixing bar FB 
(Fig.2) and 3 in Fig.9. The lever is a strengthened and 
facilitated plate connected by screws with the reducer 
case (Fig.9). With one free end, lever is connected to 
BWE carrying structure by crank connection that consists 
of teeter of two axles and two lateral plates (Fig.2). The 
lever is to prevent the reducer rotation but, at same time, 
not to interfere with the freedom of adjustment to shafts in 
other directions and angles. If freedom is insufficient, the 
lever can become a source of additional load to the 
bearing. At dismantling of a reducer, the lever is found 
blocked in one of its marginal positions. In case the 
deviation of rotor shafts position exists a free end of 
moment lever should move enough to the left side and 
enable the reducer to take a proper direction. In case of 
deficiency of unconstrained movement at free end of the 
lever a force will appear inducing the force which attacks 
bearings on satellite carrier in the horizontal plane. The 
magnitude of this force depends on lever's rigidity and the 
size of free ends movement, which is prevented to 
happen. Under very big working load, rotor shaft endures 
elastic deformations under effect of cutting forces on the 
rotor buckets. The shift size of shaft overhang (satellite 
carrier) can be determined using FEM analysis for the 
known cutting resistance. The overhang movement must 
be also enabled by the lever free end. Under influences of 
forces of inertia the lever should also allow horizontal 
movements of a reducer under sudden oscillations of the 
whole system to the left or right side. This effect could be 
disabled by sufficient level of horizontal movement 
freedom at the end of the lever, as noticeable in Figure 9.  

The magnitude of horizontal force, which can be created 
by lever FB, is proportional to lever`s rigidity and size of 
the free end movement due to its deforming in horizontal 
direction. During dismantle, it is established that the FB 
connection with carrying structure has corroded in one 
position and it didn't allow freedom of lateral movement 
in joint 4 in Fig.9. This has led to that all deviations of 
rotors shafts 2 position (Fig.9) have been transformed into 
horizontal force on bearing 1 (Fig. 3 and 7). Deviations of 
rotor shaft 2 can be a consequence of elastic deformations 
of carrying structure and mere shaft under load and likely 
deviations of shaft supporting positions during assembly. 
If connection 4 (Fig.9) doesn’t allow freedom of lateral 
movement, reducer 1 (Fig.9) can not adjust to shaft 2 and 
by means of lever 3 the horizontal force on bearing is 
produced. 

 
 

Fig.9. Position of a reducer on bucket wheel excavator 
with moment lever 

 
4. EFFECT OF ELASTICITY IN THE 

BEARING SEAT AREA 
 

The local stiffness of structure, where the bearing is 
mounted, apart from mentioned influences, can have 
effect on bearing load. The analysis of bearing seat area is 
done using FEM analysis. As a result, elastic 
deformations of bearing  rings in reducers case and on 
satellite carrier are determined as well as the possibility of 
excentricity and oval shapes appearance. Also, a 
significant deviation in parallelity of ring lines, between 
which the bearing is mounted, and ovality effects on loads 
distribution inside the bearing are all identified. 
Excentricity can be rectified only by additional force 
which additionaly burdens bearing. In continuity of this 
analysis there follows the representation of state inside the 
bearing caused by interaction between the bearing internal 
parameters and external effects. Load that bearing 
transfers is distributed on rolling bodies behind the 
meridian plane perpendicular to force direction.  
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Fig.10. Effect of bearing set accuracy: a) inner bearing 
clearance, b) ring axes parallelism, c) ring oval shape 

and eccentricity   
 
The force is distributed by sinus law, where the biggest 
load is on a rolling body installed on force direction. Load 
decreases on one and on the other side of distribution until 
zero in the points on the meridian plane. This kind of 
force distribution on rolling bodies corresponds to the 
bearing whose inner clearance is equal to zero. The 
existence of inner clearance reduces the number of rolling 
bodies that accept load and increases force that acts on 
them. The bigger clearance, the bigger is force on the 
rolling bodies. 
The effect of clearance on the roller bearing is shown in 
Figure 10a. In large bearings, for the constructions like 
BWE reducer and for the needs of operation and 
assembly, clearance must be relatively big, so calculation 
should be performed with increased load. Clearance in 
bearing is the constructional parameter whose influence 
must be included in determining the bearing capacity. 
This does not stand for oval shape. Clearance in bearing 
and deviation of parallelism of ring lines between which 
the bearing is mounted reflects on load distribution along 
lines of rolling bodies, while oval shape narrows the area 
of load distribution and increases load on remaining 
rolling bodies, especially in the middle of the contact. 
This deviation leads to that one end of rolling body is 
exposed to considerable bigger force in proportion to the 
middle value which matches the parallel ring lines, Figure 
10b. Increased value, in this manner, can start failure on 
the edge of the outer bearing ring which will spread 
rapidly.  
Concerning the beginning of local damage of rolling race 
next facts should be taken into account. Calculation of 
this bearing made by the manufacturer, above presented, 
is done according to dynamical capacity. It is common 
that this calculation is used when the revolution number is 
greater than 10. In this case, the speed of rotation is 3.9 
rpm for which logical calculation according to static load 
capacity would be a model.  This capacity at roller 
bearings is about 10% smaller than dynamic. Static 
capacity is force which can cause plastic deformations on 
contact surfaces in the form of incuse of rollers, which 
facilitates the beginning of surface layer failure. If we 
bear in mind the influence of oval shape and unparalleled 
rings axes between which the bearing is mounted, even 
nominal value of force of 904 kN can, due to this 
incensement, exceed the line of static load capacity on the 
edge of the outer bearing ring. 

5. SUGGESTIONS FOR DESIGN 
IMPROVEMENT 

 
As a result of the analysis done, it can be said that bearing 
failure is a consequence of several synchronized effects 
due to structural elasticity and bounded adjustment ability 
to elastic deformations. With regard to load magnitude 
which corresponds to the state when the reducer is treated 
as a rigid body, elastic deformations have increased 
bearings load. Deformations due to eccentricity of the 
reducer mass and exit shaft axis have increased load in the 
vertical plane and induced horizontal component of this 
load. Bounded freedom of the reducer to rotor shaft 
caused by effect of moment lever has increased horizontal 
component of force. This force couldn't appear only due 
to influence of lever which isn't rigid enough in horizontal 
direction to create a total horizontal force but only in 
association with above  mentioned influences. Local 
deformations led to rings oval deviations which have with 
increased inner clearance in bearing, concentrated force 
on the part of the outer rings shape. Elastic deformations 
of reducer housing caused increased vertical force and 
rings axes parallelism deviation between which the 
bearing is mounted. Due to that, load is concentrated on 
one part of the roller e.g. bearing ring where fracture has 
probably started due to high local stresses.  
Starting from these facts, the solution of the present 
problem is not unambiguous. It requires more design 
operations. First design operation is to provide a full 
freedom of adjustment of the reducer to rotor shaft, which 
is schematically shown in Figure 9. Embedding of 
bearing of higher bearing capacity to satisfy static 
capacity in conditions of slow rotation and unequal load 
distribution caused by elasticity of a wider structure (ring 
axes parallelism deviation). Reduction of local elastic 
deformations by ring strengthening e.g. by mounting 
rings of bigger thickness which can additionally be 
supported by ribs, Figure 11. Increase of accuracy of 
centring one reducer housing part to the other, Figure 12. 
The current centring over cylindrical surfaces with big 
diameter isn't enough and it disturbs the relation of 
internal geometry of roller bearing. It is necessary to put 
between joint screws two centring plugs diametrically 
opposite which will increase centring accuracy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 11. Strengthening of rings for installation of bearing 

 a) 

b) 

c)
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Fig.12. Places for improved centring of reducer housing 
parts 

 
6. CONCLUSION 
 
For understanding of complex failure process and 
identification of its source, there has been conducted 
partial and mutual analysis of multiple influences which 
are the object of different research fields, concerning the 
current problem. Catastrophic failure of the bearing is the 
result of simultaneous effects of influences, such as 
missing of fixing bar horizontal freedom in joint with 
BWE carrying structure, reducer housing elasticity, local 
bearing set elasticity, bearing ring axes parallelism 
deviation and inner bearing clearance. The phenomenon 
of pitting occurrence and progression under horizontal 
force component action on the part of external bearing 
ring has been studied and presented. A set of design 
solutions are suggested in order to prevent causes for 
bearing failure. The main solution is redesign of reducer 
fixing bar joint. This joint has to provide full horizontal 
freedom of bar end motion. The second suggestion is 
stiffness increase of the reducer housing bearing area, and 
also increase of dimension and position accuracy of the 
bearing area. 
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PRACTICAL CALCULATION OF GEAR 

CONTINUOUSLY VARIABLE 
TRANSMISSION OF WIND TURBINE 
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Abstract: Recently the idea of construction continuously 
variable transmission in the form of the mechanism with 
two degrees of freedom and one input is patented by 
inventors for wind turbine. However in these patents there 
is no theoretical basis of interrelation of parameters of 
drive in the conditions of uncertainty of motion. It does 
impossible definition of transmission parameters on the 
set conditions of motion. Earlier it is proved that in such 
drive there is an additional constraint. The purpose of the 
present paper is to analyze the additional constraint and 
to prove presence of kinematic and power definability of 
transmission. The found laws allow executing practical 
calculation of continuously variable transmission. 
 
Key words: variable transmission, additional constraint 
theory, calculation 
 
 
1. INTRODUCTION 
 
Recently was extended and the idea of construction 
continuously variable transmission (CVT) for wind 
turbine in the form of gear differential with two degrees 
of freedom and the closing self-regulated device is 
patented. Such drive has one input and meets the 
requirements of the theoretical mechanics about equality 
of number of degrees of freedom to number of the 
generalized co-ordinates [1]. According to this condition 
in the theory of mechanisms and machines for 
construction of flat mechanisms the principle of Assur [2] 
is used. By this principle the number initial (or input) 
links should be equal to number of degrees of freedom, 
and a link of structural group with zero mobility (group of 
Assur) is output. 
The direction of creation of mechanisms with two degrees 
of freedom possessing property of adaptation to variable 
technological  load was advanced by many scientists and 
inventors (patents of the Croccett, Volkov, Harries, 

Ivanov) [3, 4, 5, 6, 7]. However the theoretical 
substantiation of CVT creation was insufficiently 
convincing in the absence of the proof of static 
definability of mechanisms with two degrees of freedom 
and with one input. Inventors of such mechanisms in 
theoretical substantiations tried to supply static 
definability by means of various devices in the form of 
hydraulic converter units, the brakes, self-slowed down 
drives, inertial links, etc.  
In all patented of the CVT designs for transmission 
motion the closed contour is used. However the 
description of interaction of parameters of drives is 
executed without a theoretical substantiation of a 
capability of transfer motion in a kinematic circuit with 
two degrees of freedom through a closed contour. 
Earlier in papers [8, 9] the capability of drive of motion in 
a kinematic chain with two degrees of freedom by means 
of a closed contour on the basis of interrelation of 
kinematic and power parameters has been investigated. 
The analytical description of transfer motion has been 
executed on the basis of a principle of virtual works. It 
has been shown that the closed contour imposes 
additional constraint on motion of links that leads to 
definability of motion of a kinematic chain with two 
degrees of freedom at presence only one input. The 
animation  model of the gear differential presented on a 
site <http://www.madbass.narod.ru/> developed on the 
basis of received theoretical relations demonstrates 
activity of the gear with a variable transmission ratio. 
However in these letters there is no theoretical 
substantiation of a capability of drive of transfer motion 
in a kinematic chain with two degrees of freedom and one 
input to output link. 
Existing practical workings out in the form of patents for 
inventions are the intuitive result which is not containing 
the theoretical description of the phenomenon of power 
adaptation. Absence of the theoretical basis of the 
phenomenon of power adaptation does impossible 
creation of theoretically well-founded design of adaptive 
transmission gears. 
The purpose of the present paper is to analyze the 
additional constraint and to prove presence of kinematic 
and power definability of transmission. The found laws 
will allow executing practical calculation of continuously 
variable transmission. 
The searches are executed on the basis of laws of 
theoretical mechanics and the theory of mechanisms and 
machines. 
 
2. TRANSFER OF MOTION IN THE CLOSED 

DIFFERENTIAL MECHANISM WITH 
TWO DEGREES OF FRIDOM 

 
Subject of research is the closed toothed differential 
mechanism with two degrees of freedom which represents 
a continuously variable transmission. 
The toothed continuously variable transmission (fig. 1) 
has form of the closed differential mechanism.  
Transmission contains frame 0, input carrier H1, input 
satellite 2,  block of  central toothed wheels with external  
teeth  1 - 4, block of central toothed wheels (ring wheels) 
with internal teeth 3 - 6, output satellite 5 and output 
carrier H2. Toothed wheels 4-1, 2, 3-6, 5 form the closed 
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contour. On the input carrier H1 the external active motive 
moment MH1 acts. On an output link H2 the external active 
moment of resistance MH2 acts. In engagement of wheels 
we shall consider only horizontal components of reactions 
as vertical components are perceived by a frame. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Toothed continuously variable transmission 
 

Transmission contains frame 0, input carrier 1H ,  input 
satellite 2,  block of  central toothed wheels with external  
teeth  1 - 4, block of central toothed wheels (ring wheels) 
with internal teeth 3 - 6, output satellite 5 and output 
carrier 2H . Toothed wheels 4-1, 2, 3-6, 5 form the closed 
contourOn the input carrier 1H  the external active motive 
moment 1HM  acts. On an output link 2H  the external 
active moment of resistance 2HM acts. In engagement of 
wheels we shall consider only horizontal components of 
reactions as vertical components are perceived by a 
frame. 
Forces and displacements (speeds) are parallel a 
horizontal axis Ox .  
Let's accept following designations:   

21, HH rr  - radiuses of input and output carriers, 
)6...2,1( =iri  - radiuses of toothed wheels, 

21, HH MM  - moments on input and output carriers, 
)6...2,1( =iMi  - moments on toothed wheels, 

111 / HHH rMF =  - input motive force, 

222 / HHH rMR = - output force of resistance, 

33321112 /,/ rMRrMR == , 66654445 /,/ rMRrMR == - 
reactions in kinematic pairs. 
 
3. INTERCONNECTION OF PARAMETERS 

OF THE KINEMATIC CHAIN IN A 
CONDITION WITH ONE DEGREE OF 
FRIDOM 

 
The beginning of motion of the kinematic chain (or start) 
occurs in a condition to one degree of freedom. Start is a 
transition of the kinematic chain from a condition with 

one degree of freedom in a condition with two degrees of 
freedom under act of the input motive (driving) moment. 
On start the motion of an input link 1H under act of the 
input driving moment 1HM  at a motionless output link 

2H  occurs. Input motive force 111 / HHH rMF =  is 
transferred on link 2 of the closed contour from an input 
link 1H . Output force of resistance 222 / HHH rMR =  is 
transferred on link 5 of the closed contour from output 
link 2H .   
The closed contour (in difference from open chain) 
transmits an active input force on output link in a 
condition with one degree of freedom.  
Transfer of an input motive force 1HF  on an output link 

2H  by means of the closed contour occurs as follows. 
Force 1HF  creates on a link of 2 reactions 

2/,2/ 112132 HH FRFR == . 
These reactions are transferred to blocks of wheels 1-4 
and 3-6 and will be converted to the reactions acting on 
the output satellite 5 

633265411245 /,/ rrRRrrRR == .  
The sum of the reactions acting on satellite 5 is equal to 
reaction transferred by the output satellite 5 on the output 
carrier 2H  

.2/)//(. 6341125654525 rrrrFRRRR HHH +=+=  
Thus, the input motive force 1HF is transferred to the 
output carrier 2H  in the form of the reaction 25HR  
overcoming the output force of resistance 2HR . 

252 HH RR = . Or  

2/)//( 634112 rrrrFR HH += .                                           (1) 

Let's substitute the values of the forces, expressed through 
the moments in this formula, and we shall gain an output 
moment of resistance which is overcome by the input 
driving moment  
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As a result all kinematic chain comes to motion only 
under act of one input motive force (moment) and passes 
from a condition with one degree of freedom in a 
condition with two degrees of freedom. 
Reactions 6545 , RR  on a link 5 create also the internal 
driving unbalanced moment 

563411565455 )//(5.0)( rrrrrFrRRM H −=−= . Or 
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On conditions of statics the start occurs at 
accomplishment of conditions of statics (1) and (3). The 
unbalanced moment 5M  on a link 5 calls a transition 
dynamic regime of motion of the kinematic chain with 
acceleration. 
In a transition regime of motion the increase in the input 
driving moment 1HM (and force 1HF ) by formula (1) will 
lead to increase in the force 25HR transferred to a 
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motionless output link 2H , up to the value overcoming 
output starting force of resistance 2HR  and an output 
moment of resistance 2HM . From the formula (2) we 
shall gain the demanded starting value of the input driving 
moment necessary for overcoming of a starting moment 
of resistance SHM 2  

)(2
4361

64

2

1
21 rrrr

rr
r
rMM
H

H
SHSH +

= .                                     (4) 

If ktM SH =1 , ( k -the set factor of change of the input 
driving moment on start in N/s) from (4) it is possible to 
find a time St necessary for overcoming of a starting 
moment of resistance 
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2 rrrr

rr
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rMt
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H
SHS +

= .                                         (5) 

The equation of motion of the kinematic chain in a 
transition regime is reduced to the equation of motion of a 

link 5 and looks like 
dt

dJM 5
55

ω
=  or in view of (3) 

dt
dJ

r
r

r
r

r
rkt
H

5
5

6

3

4

1

1

5 )(5.0 ω
=− .                                          (6) 

Here 5ω - angular speed of a link 5, 5J  - a moment of 
inertia of a link 5. 
Solving the differential equation of motion (6), we shall 
find angular speed 5ω of a link 5 in the end of a transition 
period. The beginning of motion of a link 5 occurs from a 
motionless condition 050 =ω . Then we shall gain value 

of angular speed after a time St  

)(
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1
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5

2

5 r
r

r
r

r
r

J
kt

H

S −=ω .                                                   (7) 

 
4. INTERCONNECTION OF PARAMETERS 

OF THE KINEMATIC CHAIN IN A 
CONDITION WITH TWO DEGREES OF 
FRIDOM 

 
Further motion of the kinematic chain in a condition with 
two degrees of freedom occurs. A subject of research 
basic new, therefore it is necessary to use basic new 
approach to research of interconnection of its parameters. 
We shall consider all over again equilibrium of the 
kinematic chain with two degrees of freedom on 
conditions of statics. Equilibrium occurs at equality of the 
moments of superposed forces 

12 HH MM = .                                                                   (8) 

We shall consider equilibrium of the closed contour under 
act of the superimposed forces  

111 / HHH rMF =  and 222 / HHH rMR = . 

From the input satellite 2 on intermediate links 1-4 and 3-
6 reactions 2/,2/ 123121 HH FRFR ==  are transferred.  

From the output satellite 5 on intermediate links 1-4 and 
3-6 reactions 2/,2/ 256254 HH RRRR ==  are transferred. 
Let's express force of resistance 2HR through motive 
force 1HF . From the formula (8) follows 

2112 / HHHH rrFR = .Then 

2115621154 2/,2/ HHHHHH rrFRrrFR == . 
As a result the link 1-4 will appear under act of the 
unbalanced moment 

)(
2 2

41121
45412141

H

HHH

r
rrrrFrRrRM −

=−=− .                      (9) 

The link 3-6 will appear under act of the unbalanced 
moment 

)(
2 2

61321
65632363

H

HHH

r
rrrrFrRrRM −

=−=− .                    (10) 

Let's substitute in formulas (9), (10) values 
2/)(,2/)( 642311 rrrrrr HH +=+=  we shall gain 
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rrrrFM
rr

rrrrFM HH
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−

=
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−

= −− . 

From here follows  

6341 −− −= MM .                                                             (11) 

Thus, internal forces are led to unbalanced forces and 
moments on links 1-4 and 3-6.  
The condition of equilibrium of internal forces by a 
principle of virtual works in view of a time is expressed 
as 

0363141 =+ −− ωω MM .                                                  (12) 

As 6341 −− −= MM 31 ωω = . In this case angular speeds 
of all links are equal, and the kinematic chain is twirled as 
a single whole without internal mobility of links. 
Thus, the kinematic chain is in the equilibrium 
representing a special case when there is no motion of 
links inside of a contour. Thus equilibrium is carried out 
both on conditions of statics, and by a principle of virtual 
works. 
Further we shall consider a common case of motion. 
It is possible to assume, that in common case at presence 
of two degrees of freedom in the kinematic chain with the 
closed mobile contour equilibrium by a principle of 
virtual works also will occur. 
Theorem. If the kinematic chain with two degrees of 
freedom with the closed four-bar contour moves under 
action of the arbitrary driving moment and the 
arbitrary moment of resistance for these external 
moments of forces the condition of equilibrium by a 
principle of virtual works is carried out 
We shall use power instead of work in view of a time. 
Analytical form of the theorem: 

02211 =+ HHHH MM ωω .                                               (13) 

For the demonstration of the theorem we shall use the 
main property of closed four-bar contour, leading 
definability of the interconnected parameters. The main 
property closed four-bar contour is: all internal reactions 
in a contour can be expressed through superposed forces. 
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(For comparison we shall note: it is impossible to express 
all internal reactions through the superposed forces 
applied to two links of a contour if the contour contains, 
for example, five mobile links). 
Let's make for each satellite an equilibrium equation by a 
principle of virtual works. Each satellite represents 
scleronomous (hardening) mechanical system as all the 
forces acting on the satellite are known. Therefore the 
valid displacements of points of the satellite can be 
accepted for possible [1]. We shall gain 

,13212 BHCD sFsRsR =+                                                   (14) 

KHEG sFsRsR 26545 =+ .                                                 (15) 

Here ),,,,,( KEGBCDisi =  - the valid linear 
displacements ),,,,,( KEGBCDisi = of points of 
satellites. 
Let's express linear displacements is points of satellites 
through instant angles of turn of links and 
radiuses ,,,, 44113311 rsrsrsrs GHHBCD ϕϕϕϕ ====  

2266 , HHKE rsrs ϕϕ == , 
 264231 ,,,,, HH ϕϕϕϕϕϕ  - instant angles of turn of toothed 
wheels and carriers. 
The moments on links: 

,,, 11133321112 HHH MrFMrRMrR ===  

22266654445 ,, HHH MrFMrRMrR === . 

In view of a time from the equations (14) and (15) we 
shall gain 

,113311 HHMMM ωωω =+                                              (16) 

226644 HHMMM ωωω =+ .                                           (17) 

As satellites are a links of the mechanism, we shall sum 
the made expressions for satellites. We shall gain a 
condition of interacting of parameters of all mechanism as 
a whole 

=+++ 66443311 ωωωω MMMM .2211 HHHH MM ωω +  (18) 

In the left side of an equation the sum of powers (works) 
of internal forces of a contour takes place. In the right side 
of an equation the sum of powers (works) of superposed 
forces of a contour takes place. All internal forces are 
single-valued functions of external forces. As constraints 
are ideal and stationary then work of constraint reactions 
is equal to null [1] 

066443311 =+++ ωωωω MMMM .                               (19) 

Let's substitute this value in the equation (18), we shall 
gain  

02211 =+ HHHH MM ωω .                                               (20) 

Thus, for the external moments of forces the condition of 
equilibrium by a principle of virtual works, as was to be 
shown is carried out.  
 

In the equation (20) one of the external moments should 
be a moment of resistance, differently the condition of 
equilibrium of the kinematic chain in the form of equality 

of works of motive forces and forces of resistance will not 
be carried out. The kinematic link to which the driving 
moment is applied will be an input link. The link to which 
the moment of resistance 2HM is applied will be an 
output link. Work (or power) a moment of resistance is 
negative. Then the equation (20) will become 

2211 HHHH MM ωω = .                                                     (21) 

For the resolution of the equation (21) it should contain 
one unknown parameter. It is logical to consider: the 
external moments 21, HH MM  and input angular 

speed 1Hω  are given. Then output angular speed 2Hω  
will be determined from expression (21). Angular speeds 
of initial links will be known. Angular speeds of all links 
of a contour will be accordingly known. Transition of one 
of initial links in a condition of an output link leads to 
reception of number of input links per unit less numbers 
of degrees of freedom of all kinematic chain. However the 
equation (21) characterizes the additional constraint 
providing conservation of definability of motion of the 
consider kinematic chain. 
As a result the equation (21) means, that statically and 
cinematically definable mobile contour is in equilibrium 
under act of arbitrary superposed forces (moments). 
Thus, the patented opportunity of transfer of motion from 
an input link to an output link through closed four-bar 
contour (3, 4 and 5) has gained the theoretical 
acknowledging. 
Consequence 1. The kinematic chain with the closed 
contour provides stepless regulating of transfer, that is 
possesses effect of force adaptation.  
From the formula (21) it is possible to determine value of 
output angular speed.   

2112 / HHHH MM ωω = .                                                   (22) 

According to the formula (22) at a constant input 
power 111 HHH MP ω= the output angular speed 2Hω is 
in return proportional dependence on a variable output 
moment of resistance 2HM . This dependence expresses 
effect of force adaptation of an output link to a variable 
load. 
Consequence 2. In the closed contour circulation of 
energy takes place.  
The equation (19) contains positive and negative 
members and characterizes equilibrium of works (powers) 
on intermediate links of a contour. 
As 36416341 ,,, MMMM >>== ωωωω , from the 
equation (19) we shall gain 

0)()( 336141 =−−− ωω MMMM .                                (23) 

Let's designate 
36364141 ,)( −− =−=− MMMMMM  - the moments on 

intermediate links 1-4 and 3-6. Then the equilibrium of 
works (powers) on intermediate links of a contour will 
become 

336141 ωω −− = MM . 
 

The equation (23) reflects unknown earlier the 
phenomenon of circulation of energy inside of a contour 
during its motion. 
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5. KINEMATICS OF THE MECHANISM 
 
We shall determine transfer ratios of links of transfer 
through numbers of t of wheels 6...,2,1=izi . 
The interconnection of angular speeds of transfer is 
determined by formulas 

)1(
13

13

11 H

H

H u=
−
−
ωω
ωω ,                                                          (24) 

Where 13
)1(

13 / zzu H −= .  

)2(
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23

21 H

H

H u=
−
−
ωω
ωω ,                                                         (25) 

Where 46
)2(

46 / zzu H −= .  
From (24) 
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)1(

131 )( HH
Hu ωωωω +−= .                                         (26) 

From (25) 
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)2(

461 )( HH
Hu ωωωω +−= .                                        (27) 

Let's subtract (27) of (26), we shall get 
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−−−

=
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Formulas (22), (28), (26) determine sequence of acts by 
definition angular speeds of links of transfer.  
Let's determine the starting transfer ratio. The starting 
transfer ratio represents the transfer ratio of the closed 
differential at the stopped output carrier 2H from the input 
carrier 1H  to the output satellite 5: 5151 /ωωHHu =− .  
Let's divide numerator and a denominator of expression 
(24) on 3ω . We shall designate 

461331 // zzu −==ωω , 3131 / −= HH uωω , 13
)1(

13 / zzu H −= . 
 We shall gain 
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As 6131 −− = HH uu  and 656151 uuu HH −− = , where 

6565 / zzu = . That 
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Let's substitute numbers of teeth; we shall gain the 
starting transfer ratio 
 

6

5

4143

1643
51 z

z
zzzz
zzzzuH ⋅

+
−

=− .                                                (30) 

6. THE FORCE ANALYSIS OF THE 
MECHANISM 

 
The force analysis of the mechanism can be reduced to 
definition of the internal moments )6,4,3,1( =iMi  
through reactions in kinematic pairs on the set external 
moments 21, HH MM . 

,/5.0 1111211 HH rrMrRM ==  
,/5.0 1313233 HH rrMrRM ==  
,/5.0 2424544 HH rrMrRM ==  
./5.0 2626566 HH rrMrRM ==                                        (31) 

 
7. CALCULATION OF A CONINUOSLY 

VARIABLE TRANSMISSION 
 
For a continuously variable transmission (fig. 1) with the 
given geometrical parameters, given parameters of input 
power 11, HH Mω  and the given variable output moment 

of resistance 2HM to determine the kinematic and force 
parameters of motion. 
 It is given: 

,60,40,90,30,30 54321 ===== zzzzz  
1606 =z - numbers of teeth of wheels, 
4=m  - the module of an engagement, 

400,240 21 == HH rr - radiuses of input carrier 1H and 
output carrier 2H , 

3)1(
13 −=Hu  - the transfer ratio of wheels 1 and 3 at the 

motionless carrier 1H , 

4)2(
46 −=Hu  - the transfer ratio of wheels 4 and 6 at the 

motionless carrier 2H . 

NmMNmMs HHH 200,100,100 21
1

1 === −ω ,  

211221 /2/ HHHHHH MMu ωω===  (Without taking into 
account the efficiency). 
To determine: 312 ,, ωωωH )6,4,3,1( =iMi . 
The solution.  
1. From (22) 

1
2112 50200/100100/ −=⋅== sMM HHHH ωω . 

2. From (28) 
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133.33
95.1

)5.11(100)91(50 −=
+−

+−+
= s . 

3. From (26) 
=+−= 113

)1(
131 )( HH

Hu ωωωω  
1200100)10033.33)(5.1( −=+−−= s . 

4. We compute the moments on toothed wheels under 
formulas (31) of force analyses: 

=⋅⋅== 200/1601005.0/5.0 1111 HH rrMM 40 Nm, 

=⋅⋅== 200/2401005.0/5.0 1313 HH rrMM 60 Nm, 

=⋅⋅== 200/402005.0/5.0 2424 HH rrMM 20 Nm, 

=⋅⋅== 200/3602005.0/5.0 2626 HH rrMM 180 Nm 
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The main demonstration of true of the find results is 
check of equilibrium of circulating energy on the equation 
(23) 

336141 )()( ωω MMMM −=− .  
33.33)60180(200)2040( ⋅−=⋅− , 

40004000 = . 
Check shows presence of equilibrium of positive power 
on the block of wheels 1 - 4 and negative power on the 
block of wheels 3 - 6. 
At the set power the transfer ratio of the mechanism 

2/ 1221 == HHHH MMu  the circulating energy in the 
closed contour makes 40 % from an input power. 

 
8. THE EQUATION OF A GEOMETRIC 

CONSTRAINT AT LIMITING TRANSTION 
 
The fact of presence of a limiting condition of the 
mechanism with the closed contour affirms the accuracy 
of found regularities.  
The limiting condition occurs, when the mechanism is 
simultaneously in a condition with one degree of freedom 
and in a condition with two degrees of freedom.  
The interconnection of parameters in a limiting condition 
is defined by the equation (23). 
The condition with one degree of freedom is characterized 
by absence of a relative rotary motion in the closed 
contour (angular speeds of all links are equal). The closed 
contour moves as a rigid unchangeable design. 
The condition with two degrees of freedom is 
characterized by absence of equilibrium on conditions of 
statics in the closed contour (on each of intermediate links 
1-4 and 3-6 there is no equality of reactions). On 
intermediate links 1-4 and 3-6 the internal unbalanced 
forces or the moments occur. 
In the limiting condition the output moment of resistance 
is equal to the input driving moment 12 HH MM = . The 
force transfer ratio of the mechanism 

1/ 1221 == HHHH MMu . According to the formula (21) 
the equality of input and output angular speeds of the 
mechanism 21 HH ωω =  occurs. 
After substitution of this value in the formula (28) we 
shall gain

23 Hωω = . After substitution of this value in 
the formula (27) we shall gain 21 Hωω = . That is at 

2131 HH ωωωω ===  the mechanism is in a condition 
with one degree of freedom at absence of internal 
mobility in the closed contour.  
The equation of circulation of energy (23) characterizes 
simultaneously one-mobile and bi-mobile condition of the 
mechanism.  
In the one-mobile mechanism angular speeds of wheels 
are equal. The equation (23) as a result of abbreviation of 
angular speeds will show absence of circulation of 
energy.  

3641 MMMM −=− .                                                    (32) 

After substitution in the equation (32) values of the 
moments from the equations (9) and (10) we shall gain 
limiting transition of the equation (32) in the equation of a 
geometric constraint of the one-mobile mechanism 

16232114 HHHH rrrrrrrr −=− .                                            (33) 

The equation of interconnection of geometrical 
parameters (33) is the equation of the additional 
geometric constraint occurring in the closed contour. The 
equation (33) is fair both for an one-mobile condition, and 
for a bi-mobile condition of the mechanism. This equation 
imposes an additional geometric constraint on motion of 
kinematic chain at transition in a condition with two 
degrees of freedom and transforms it into the mechanism. 
Such interconnection of geometrical parameters really 
occurs in the closed differential mechanism. As 

2/)(,2/)( 642311 rrrrrr HH +=+= , after substitution of 
these values in the equation (33) we shall gain identity 

00 = . It testifies to presence of the specified geometric 
constraint in the closed contour of the considered 
differential mechanism. 
Let's generalize the functions of the equation additional 
constraint (23) in a limiting condition: 
In the bi-mobile mechanism at presence of angular speeds 
(equal among themselves) the equation (23) characterizes 
circulation of energy at presence of statically unbalanced 
internal moments  on each of blocks of wheels 1 - 4 and 
3-6.  
In the one-mobile mechanism at abbreviation of angular 
speeds the equation (20) characterizes equilibrium of the 
internal moments for all contour on conditions of a 
statics: 3641 MMMM −=− . This condition passes in the 
equation of a geometric constraint (33). 
Thus, the equation of additional constraint (23) reflects 
the limiting condition of the mechanism describing 
transition of the mechanism from the one-mobile in the 
bi-mobile condition. 
 
9. PRACTICAL IMPLEMENTATION 
 
Practical implementation includes the acting example of 
transmission is presented in [11]. It confirms presence of 
effect of force adaptation in the mechanism with the 
closed contour. 
 

 
 
Fig.2. Gear continuously variable transmission. Assembly 

drawing 
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The animation model of transfer is presented on a site: 
<http: // www.madbass.narod.ru/>.  It allows seeing the 
change of character of motion of links at change of 
external loading.  
The developed assembly drawing of the continuously 
variable transmission is shown on fig. 2.  
 
10. CONCLUSION 

 
Effective transmission from a wind wheel to the generator 
contains the gear differential mechanism with two degree 
of freedoms and a closed contour with cogwheels. The 
creation of gear continuously variable transmission in the 
form of the toothed closed differential mechanism with 
two degrees of freedom is theoretically proved. According 
to the proved theorem the closed contour imposes 
additional constraint which provides definability of 
motion of differential with two degrees of freedom and 
creates self-regulation. 
It is proved, that the mobile closed mechanical contour of 
transmission creates additional constraint and provides the 
transition regime of motion translating the mechanism of 
transfer from an one-mobile condition at start-up in bi- 
mobile condition in operating regime of motion. It is 
proved, that in operating regime of motion the 
equilibrium by a principle of virtual works, providing 
stepless regulating of transmission takes place.  
The equations of interconnection of force parameters, 
kinematic parameters and geometrical parameters of 
transmission in kinematics and dynamics are developed. 
These equations are mustered by numerical instances, 
confirmed by skilled acting specimens and the developed 
computer animation model. The assembly drawing of the 
gear continuously variable transmission is presented. The 
found regularities allow synthesizing gear continuously 
variable transmission on the given operational parameters 
of motion, to execute the kinematic and dynamic analysis 
of transmission and to determine design data of 
transmission. The offered gear continuously variable 
transmission of the wind turbine provides simplicity of a 
design, high reliability and high efficiency. 
The found laws allow executing practical calculation of 
continuously variable transmission. 
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ANALYSIS OF EVOLVENT SPUR GEAR 

VIBROACTIVITY OF TOOTH FRICTION 
POWER 
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Abstract: There is released qualify indicators of 
vibroactivity engagement, that characterize periodical  
exciting power and torque moment . Identified depends of 
these parameters only of: a) principle of the distribution 
of power in multipair tooth contact; b) coefficient of 
friction; c) geometry of engagement. Consequently, it’s 
possible during geometric synthesis of the gear evaluate 
its vibroactivity, and generate the lowest possible of 
vibroactivity caused by friction of the tooth. 
 
Key words: vibration, vibroactivity, spur gear, multi-pare 
gearing 
 
 
1. INTRODUCTION 
 
Dynamic forcing vibration of tooth in gear is the one of 
the reason that reduce load capability and reliability of 
gears. There is few kind of dynamic forcing by tooth: 
impulsion, kinematical, parametrical [1].  Impulsion 
forcing is creating with periodicity of tooth recontacting 
from its beating in in and out of gearing.  One the factor 
of impulsion vibration forcing in spur gears is friction 
power of tooth. That fact before was unknown [2]. In [2] 
for calculation the impulsion vibroactivity of tooth 
friction power was offer two criteria: power (kF) and 
rotation (kT) vibroactivities. In [3] with basing on results 
of computer modeling a lot of number of evolvent spur 
gears (see [4] and [3]) was introduced three vibroactivity 
criteria: kFr – radial, kFrS – radial reduced  and kTS – 
rotation reduced. In research [3,4] established, how 
geometrical-kinematical parameters (contact ratio, 
location of line and pole of gearing, angle of gearing, 
number of tooth, order of normal force changing while 
recontacting)  is influence on tooth friction power 
vibroactivity. 
It is important fact: offered quality indicators of 
vibroactivity (kF, kFr, kT, kFrS and kTS), depend only of: 

a) Distribution in multi-pare tooth contact 
b) Coefficient of friction between tooth 
c) The most important is geometric of gear. 
That’s why is possible to estimate vibroactivity on stage 
of geometrical synthesis and get a minimal possibility 
vibroactivity of tooth friction power. 
The one of direction that increase the load capability and 
reliability spur gears is using multi-pare tooth work, it’s 
mean the frontal contact ratio ε>2. There is in spur gear 
minimum two teeth pare always in contact. For the first 
time this gears used in aviation, after in automobiles, 
tractors, and etc. [5-7]. 
In present time Minsk Tractor Works (MTP) is implement 
this gears in gear box of model “Belarus-1523” (fig. 1 
from [8]). There is box detail keeps without any changes; 
gears modules reduce in 1.5-fold; number of tooth 
increase in 1.5-fold; base contour - with increased in 
height of tooth with angle of base contour α=150. 

 

 
Fig.1. Kinematic scheme of gear box with two-pare 

gearing 
 

Implement this gears, MTP change the accuracy of tooth 
machinery from 8Сс (shaving) on the accuracy grade 7-
66с (grinding). There is done seriously engineer 
preparing:  multivariate computer modeling of stress state 
tooth all wheel in gears, input which optimal tooth 
geometry was found include radius of connecting curve. 
Stand tests is completed, fields test in process. 
 
Table 1. New gear box data (part)  Tabloid 1 part1  

Number of 
pare ND 1 … 7 8 9 

Number of 
tooth 

z1 
z2 

29 
69 

… 
… 

30 
63 

35 
50* 

48 
50* 

Offset ratio х1 
х2 

0,17 
-0,415 

… 
… 

0,17 
-0,649 

0,027 
-0,35 

0,105 
-0,35 

Modul m, mm 3 … 2,75 3 3 

Gear face b1, mm 
b2, mm 

27 
25 

… 
… 

34 
30 

33,5 
35 

35 
35 

Contact 
ratio  2,12 … 2,16 2,17 2,19 

Max. mo-
ment on the 
gear 

T1, N m 528 … 802 1068 1407 

Rotational 
rate n1, min 2100 … 1185 940 685 

 
Implement gears with two-pare gearing always reduce the 
level of vibroactivity. This we can observe in MTP. But  
the task of quantitative evaluation steel didn’t solve. If 
only approximate to calculate the reduction level of 
vibroactivity in every new gearing as against with change. 
Computer modeling for solving this problem is 
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impossible: have to analysis dynamic system with number 
of freedom around 100 and a lot of speed and power rate 
(24 speed forward and 12 - backward). Experiment allow 
to measure only total noise level and total vibration, but 
not the vibroactivity of every tooth pare. For solving this 
task suggest: criteria of vibroactivity, method of it 
calculation and computer program [2-4]. 
Minsk Tractor Works that implement new gear box, send 
data (see Tabloid 1) about geometrical parameters of all 
17 teeth pare old and new gear boxes to the Tyumen State 
Oil and Gas University, that have the method evaluation 
on of the kind of spur gear vibroactivity. Below is data 
about new and previews version of gear box. 
 

Table 2. Old gear box data (part)  Tabloid 1 part 2 

 

 
 

 
Fig.2. Vibroactivity ratio in relative diagrams 

 

On basis of this data was made computer modeling and 
research of vibroactivity of friction power. The results of 
research was present as a tabloids and diagrams (Fig.2-7). 

Table 3. kFr - Radial vibroactivity ratio 

 Pare 1 Pare 2 Pare 3 Pare 4 Pare 5 Pare 7 
ea <2 63,22% 61,39% 58,94% 57,68% 58,58% 63,13%
ea>2 16,17% 14,67% 14,76% 14,94% 14,68% 17,37%

 
Table 4. kT - Rotation vibroactivity ratio 

 Pare 1 Pare 2 Pare 3 Pare 4 Pare 5 Pare 7 
ea <2 2,435% 2,167% 2,018% 1,965% 1,973% 2,891%
ea>2 0,168% 0,022% 0,093% 0,049% 0,068% 0,298%

 

 
Fig.3. Contact tensions in pole in tooth pares of two 

gearboxes of tractor "Belarus-1523" 
 
 

 
Fig.4. Maximal bending tensions in tooth pares of two 

gearboxes of tractor "Belarus-1523" 
 

 
Fig.5. Maximal bending tensions in tooth pares of two 

gearboxes of tractor "Belarus-1523" 
 

 
Fig.6. Power loses by friction in tooth pare of two 

gearboxes of tractor "Belarus-1523 

Number of 
pare N 1 … 7 8  

Number of 
tooth 

z1 
z2 

19 
45 

… 
… 

17 
38 

20 
29* 

28 
29* 

Offset ratio х1 
х2 

0,444 
0,084 

… 
… 

0,559 
0,1 

0,439 
0,45 

0,45 
0,369 

Modul m, mm 4,5 … 4,5 5 5 
Gear face b2, mm 25 … 30 35 35 
Contact 
ratio  1,42/- … 1,34/- 1,27/- 1,31/- 

Max. 
moment on 
the gear 

T1, N m 528 … 756 1058 1430 

Rota-tional 
rate n1, min 2100 … 1178 883 575 
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 Fig.7 Example of  outcoming data by computer program modeling 
and analysis



 

 302 

MIDLINE CONCLUSIONS  
1. Created mathematical model, algorithms and 

computer program for computer modeling of evolvent 
spur gear working with tooth friction.  

2. Gives a two quality indicators for vibroactivity of 
friction inequality. 

3. While computer modeling of evolvent spur gear is 
founded: 

 When point of contact is crossing pith point, there 
is a making a soft bit along common 
perpendicular. 

 In typical gearing range of soft bit by coefficient of 
friction f=0,1 is up to 40% from expected range of 
radial power, and up to 20% from summary power 
in gearing (kF>20%). 

 Changing of rotation moment range on gear 
conditioned of friction power is in 1,5-2 times 
highest that coefficient of power missing from 
friction: kT ≈ (1,5–2)·kP. 

4. There is defined how the influence of vibration, 
caused by friction of the teeth, the following 
geometry-kinematic parameters: contact ratio, the 
position of the line of the contact , angle if gearing, 
number of teeth, the law variation of normal force at 
tooth changeover. 

5. There is found that coefficient of the power of 
vibration kF is minimal for transmission, in which 
pitch point os out of the path of action. But in this 
transmission increased power losses in gearing and 
therefore is high coefficient rotating vibroactivity  

6. It is shown that a small vibration activity also have a 
transmission with contact ration ε > 2, especially when 
ε is almost equal 2. 

7. First real vibroactivity researching by presented 
method is done.  
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THE OPTIMAL SOLUTION CHOICE IN 

THE CASE OF THE PARTICULAR 
CRITERIA PREFERENCES IN THE PGT 

OPTIMIZATION 
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Abstract: The aim of this paper is the application of 
multicriteria optimization to planetary gear trains. A 
mathematical model for optimization is defined by the 
variables, objective functions and functional constraints. 
The following is adopted as optimization variables: 
numbers of teeth, number of planets, gear module and 
facewidth. Conditions required for the proper functioning 
of the system in the scope of geometry and strength are 
expressed by the functional constraints. The basis of the 
model are analytical expressions for volume, mass, 
efficiency and production costs, which represent objective 
functions. In this paper optimal solution finding is 
considered in the case of preferences of particular 
criteria. Since that, the weighted coefficients method, the 
lexicographic method and the ε constraints method are 
applicated for choosing optimal solution from Pareto 
solutions. 
 
Key words: planetary gear trains, multicriteria 
optimization, methods for optimal solution choice 
 
 
1. INTRODUCTION 
 
Multicriteria optimization problems are very common in 
many scientific and technical problems and also in the 
human life. It is not possible to express a quality solution 
by one criterion in this type of optimization, but several 
unharmonized criteria must be discussed. The functions 
which express these criteria cannot all have optimal 
values at the same time. Such problems are called non-
trivial multicriteria (or multiple objective, multiple 
criteria) optimization problems.  
The multicriteria optimization is a method which is 
implemented in the development of many products and 
processes in various ways. The current number of 
published researches indicate the importance and 
contemporarity of optimization topics. 

The optimization tasks of mechanical systems are 
compound processes of abundant theoretical researches 
which integrate knowledge of mechanical systems design 
in general, uniqueness of concrete mechanical system and 
methods of mathematical optimization. The optimization 
of gear trains as concrete mechanical systems supposes a 
very complex mathematical model which has to describe 
the operation of a real system in real circumstances. 
Planetary gear transmissions are an important kind of gear 
transmissions, and they can also be the subject of 
multicriteria optimization application. It is impossible to 
include every type of these transmissions in one paper, 
especially taking into consideration that the planetary gear 
transmissions have their own geometrical conditions and 
can also be single-stage and multi-stage. 
This paper provides an optimization of the basic type of 
planetary gear trains (PGT). The subject of the paper is 
optimization task in the case of preferences of the 
particular criteria. These optimizatopion tasks are often in 
the optimization of mechanical systems.The presented 
approach is based on an original algorithm which is the 
basis of the mathematical model. The optimization of the 
PGT is conducted by using four criteria, including the 
economic criterion, which makes this optimization task a 
sort of techno-economic optimization. 
In order to make a different approach than the models in 
which an optimal solution is adopted by analysing the 
solutions from the set of Pareto solutions [1,2], the 
application of multicriteria optimization methods for 
choosing an optimal solution from Pareto solutions is 
included in this paper as well as their comparison. Several 
multicriteria optimization methods are briefly decribed 
and applied to PGT. 
 
2. PROBLEM FORMULATION 
 
The basic type of planetary gear train (PGT), i.e. a design 
which has a central sun gear (external gearing - 1), central 
ring gear (internal gearing - 3), planets (satellites - 2) and 
carrier (h), shown in Fig.1, is the subject of the paper. 
Planets are in simultaneous contact with the sun gear and 
the ring gear.  
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This type of PGT has the broadest use in mechanics. It is 
often used as a single stage transmission, as a building 
block for higher compound planetary gear trains.  
Its advantage over other PGT types lies, first of all, in its 
efficiency. Also, this type has small overall dimensions 
and mass, and its production costs are relatively low 
because of the relatively simplified production. Because 
of its characteristics, it is applicable in transport and 
stationary machines without limitation in power and 
velocity, for example, in the vital parts of the helicopter, 
caterpillar, mining, agricultural and other machines and so 
on. 
The solution of optimization task finding begins by 
mathematical model determination. 
An mathematical model is defined by the variables, 
objective functions and conditions required for the proper 
functioning of a system determined by the functional 
constraints [3].  
 

2.1. Variables 
 

Under the mathematical model definition, it is necessary 
to determine the variables since each objective function is 
the function of several parameters. By applying 
optimization to PGT, design parameters are adopted for 
variables in this paper. The following variables are 
considered: the number of teeth of the sun gear 1z , the 

number of teeth of planets 2z , the number of teeth of the 

ring gear 3z , the number of planets wn , the gear module 

nm  and the facewidth b .  
The optimization variables are of the mixed type: the 
numbers of gear teeth ( 1z , 2z , 3z ) are integers, positive 

and negative, the number of planets ( wn )  is a discrete 

value, the module ( nm ) is a discrete standard value (acc. 

to DIN 780), while the facewidth ( b ) is a continual 
variable. The numbers of gear teeth and the number of 
planets are non-dimensional values, while the module and 
the facewidth are given in millimeters. 
 

2.2. Objective functions 
 

In this model, the following characteristics are chosen for 
objective functions of a planetary gear train: volume, 
mass, efficiency and production cost of gear train.  
Overall dimensions are the frequently used criteria for the 
optimization of gear trains. They can be expressed in 
different ways. A volume mostly expresses this criterion. 
In this paper, the volume of gear train is used. The fact 
that planets are inside the ring gear and the approximation 
of the gear volume by the cylinder volume with diameter 
equal to the pitch diameter and the height equal to the 
facewidth, make possible for the gear train volume to be 
expressed by: 

2

3

23

cos
4 cos cos

n t

wt

m zV b απ
β α

⎛ ⎞⋅
= ⋅ ⋅ ⋅⎜ ⎟

⎝ ⎠
     (1) 

where tα  is the pressure angle at pitch cycle, 23wtα  is the 
working transverse pressure angle for the pair 2-3 and β  
is the helix angle at the pitch diameter.  

Mass is also frequent used optimization criterion. Mass is 
determined as sum of all gear masses in transmission. 
Since the mass of a particular gear is determined as gear 
volume multiplied by the density of gear material, 

z zm Vρ= ⋅ , this criterion receives the form 

1 2 3wm V n V Vρ ρ ρ= ⋅ + ⋅ ⋅ + ⋅   
The final expression of this function is: 
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   (2) 

 

To determine the gear mass, the factor of deviation of real 
gear shape from the cylinder (k) has to be taken into 
account as well. For the purposes of optimization, i.e. the 
comparison of gears with different parameters, this factor 
does not have a great significance, since it is given in 
advance due to the hub gear form and it is a constant in 
the process of optimization.  
Efficiency is one of the most important criteria for the 
design and evaluation of the construction quality. Power 
losses in planetary transmissions consist of losses in the 
gear contact, losses in bearings and losses due to oil 
viscosity. The calculation of the gear transmission 
efficiency is generally confined to losses depending on 
friction on tooth sides, i.e. on the calculation of contact 
power losses.[4,5,6,7]. These losses can be determined 
with the highest accuracy. Considerable errors can occur 
upon the determination of losses in bearings. Losses due 
to oil viscosity are insufficiently investigated. But, losses 
in bearings and losses due to oil are a minor part of losses 
regarding losses at contacts and carriers.  According to the 
previous efficiency remarks and having in mind the fact 
that the subject of optimization is limited to gear pairs, the 
following expression for efficiency is considered [3]: 
 

3

3 1 1 2 3

0.15 0.35 0.201 z
z z z z z

η
⎡ ⎤

= − + +⎢ ⎥− ⎣ ⎦
    (3) 

 
Economic demands must also be taken into consideration 
when dealing with techno-economic optimization. First, 
these demands are related to production costs. These costs 
consist of the production material and the production 
process costs. The time needed for the production of gears 
is taken as a measure of production costs and as an 
economic factor. This function is then determined as a 
sum of time periods needed for the production of the 
central sun gear 1T , the planets 2T  and the ring gear ( 3T ), 
i.e.  
 

1 2 3T wF T n T T= + ⋅ +       (4) 
 

Production times are determined according to the 
technologies of Fette [8], Lorenc [9] and Höfler[10]. 
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2.3. Functional constraints 
 

There are numerous exceptions that need to be taken into 
account for PGTs to function correctly compared with 
classical gear trains, since PGTs represent a specific 
group of gear trains. The exceptions considered in this 
model are related to mounting conditions, geometrical 
conditions and strength conditions.   
The mounting conditions comprise the condition of 
coaxiality, the condition of adjacency and the condition of 
conjunction [11]. 
The geometrical conditions relate to the undercutting and 
profile interference, the ratio of the pressure angle to 
working transverse pressure angle, the tooth thickness and 
the space width, the transverse contact ratio value, the 
sliding speeds, the ratio of the pinion facewidth to the 
reference diameter of pinion, etc. These conditions are 
ensured in accordance with the actual standards (ISO TC 
60 list of standards 090915) [3]. 
The strength conditions, safety factors for bending 
strength and surface durability of each gear are provided 
according to ISO 6336-1 to ISO 6336-3 [12].  
The explicit constraints related to the selection of the 
numbers of teeth ( 1z , 2z , 3z ), the planet number wn  and 

standard values for the module nm  are included in the 
calculation procedures. 
 
3. MULTICRITERIA OPTIMIZATION 

FORMULATION 
 
The optimization procedure applied to basic type of PGT 
and is described in this section. A shortened algorithm for 
the complete optimization procedure is shown in Fig. 2. 
The base of optimization process of PGT  presented in 
this paper is comparison of solutions with different 
parameters under the same conditions and selection of the 
best variant. Optimization process begins with generating 
of all solutions for assigned input data. Based on 
established objective functions and constraints, an optimal 
solution is selected, determined by design parameters. 
The formulations presented next are adapted so that they 
can be directly applied to the planetary gear trains design. 
A mathematical model of the nonlinear multicriteria 
problem can be formulated as follows: 
 

1 2max { ( ), ( ),..., ( )}
subject to 

kf x f x f x
x S∈

     (5) 

 

Functions 1( ), , ( )kf x f xK  are objective functions and 

1 nx = x ,…,x( )  is the vector of decision variables. 
These variables must satisfy given constraints which are 
expressed as the inclusion x S∈  where S  is a set of 
feasible solutions (or feasible set). The notation "max" 
means the simultaneous maximization of all the objective 
functions. If some objective function needs to be 
minimized, a simple fact that the minimization of the 
function ( )if x  is equivalent to the maximization of the 

function ( )if x− can be used. Every point x S∈  is 

mapped to the point 1 2( ( ), ( ),..., ( ))kf x f x f x  in the k - 
dimensional objective space. Therefore, the following can 
be introduced as the objective set: 
 

{ }SxxfxfxfF k ∈= |))(),...,(),(( 21   (6) 
 

In the formulated problem, six variables exist, 
corresponding to the basic design parameters:

1 2 3 4 5 6 1 2 3( , , , , , ) ( , , , , , )w nx x x x x x x z z z n m b= = . 

Also, four objective functions equal to the volume ( )(xV
), mass ( )(xm ), efficiency ( )(xη ) and production costs 
( )(xT ) exist. Since mass, volume and production costs 
should be minimized, and efficiency should be 
maximized, the following is denoted in this model: 
 

1 2

3 4

( ) ( ), ( ) ( ),
( ) ( ), ( ) ( )p

f x V x f x m x
f x x f x T xη

= − = −
= = −

  (7) 

 

Furthermore, the set S  will be defined as a set of all 6-
tuples of design parameters such that the functional 
constraints are satisfied. According to the procedure 
shown in Fig. 2, there are finitely many feasible solutions. 
Hence, the considered multicriteria optimization problem 
(5) is discrete. All methods that will be applied require a 
single pass or several (but constant) passes through the 
feasible set S. Hence the implementation does not suffer 
from the local maximum (minimum) trapping. 
It is often useful to know the best possible values for each 
objective function. These values form a so-called ideal 
point * * *

1( , , )kf f f= K  in the objective space. Its 
components are computed as  
 

* max ( ),   for all  1, , .i ix S
f f x i k

∈
= = K   (8) 

 

As it can be seen from the definition, multicriteria 
optimization problems are mathematically ill-defined. 
This means that they have a set of mathematically 
"equally good" optimal solutions in the objective space. 
The most important criterion for selecting these "equally 
good" solutions is the Pareto optimality concept: 
Solution x S∈  is Pareto optimal if there is no solution 
y S∈  such that holds ( ) ( )i if x f y≤  for all 

1, ,i n= K  and for at least one index i  holds strict 

inequality, i.e. ( ) ( )i if x f y< . 
Thus, some additional information is needed in order to 
be able to select one of the solutions as the final solution. 
This final decision is usually made either by a decision 
maker (human expert) or by a corresponding scalarized 
problem. In the latter case, one or more single criterion 
optimization scalarized problems have to be constructed 
and solved.  
Since the subject of the paper is optimization task in the 
case of preferences of particular criteria, next methods are 
suitable for application: the weighted coefficients method, 
the lexicographic method and the ε - constraints method. 
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All of them reduce the problem to one criterion 
optimization problem. 
 

 
 

3.1. Weighted coefficients method 
 

In this method the following scalarized problem is 
constructed: 
 

0 0
1 1max ( ) ( ) ( )

s.t. 

M
m mf x w f x w f x

x S
= + +

∈

K

 (9) 
 

Here, the weighted coefficients (or weights) iw  are 

positive real numbers and 0 0 1( ) ( ) ( )i i if x f f x−=  are 

normalized objective functions where 0
if  are 

normalizing coefficients. In this approach, the 
components of the ideal point * * * * *

1 2 3 4( , , , )f f f f f=  

are used as normalizing coefficients, i.e. 0 *
i if f=  for 

1, 2,3, 4i = . Therefore, absolute values of all objective 

functions are between 0 and 1, which simplifies the 
choice of the weighted coefficients. All solutions obtained 
by this method are Pareto optimal [13]. The input 
parameters for this method are values of weights. The 
sum of the values of weight must be equal one. 
 

3.2. Lexicographic method  
 

In the application of lexicographic method objective 
functions need to be sorted by the given priorities. 
Assuming  that functin

1
( )kf x  has maximum priority, 

then
2
( )kf x , etc. and ( )

mkf x  has the least priority, the 

following list of scalarized problems for 1, ,i m= K   can 
be solved: 
 

max ( )

s.t. 
( ) ,  for  1, , 1

i i

j j

opt
k k

opt
k k

f f x

x S
f x f j i

=

∈

= = −K

 (10)

 

Thus, the objective functions are maximized sequentially, 
and the feasible set is reduced by iterations to the set of 
optimal solutions in the previous iteration.   
The solution given by this method is also Pareto optimal 
[13]. 
 

The ε constraints method 
 

In the ε  constraints method, one objective function 
( )qf x  which has to be maximized under the primary and 

additional conditions is chosen. These additional 
conditions are of the form ( )i if x ε≥ , where iε , i q≠  
are given thresholds. Therefore, the following scalarized 
problem is solved: 
 

max ( )

s.t. 
( ) ,  for  1, , ,  

q

i i

f x

x S
f x i n i qε

∈
≥ = ≠K

 (11)

 

In this case, a systematic variation of iε  gives a set of 
Pareto optimal solutions.  
This method is commonly used because it is possible to 
control the values of all objectives exactly, which is also 
very important in practical applications [13]. 
 
4. PROGRAM RESULTS  
 
The complete optimization procedure is implemented in 
the newly developed PlanGears software. The program 
made on this algorithm could provide effective optimal 
solution choice for given input data: transmission ratio, 
input number of revolution, input torque, gear materials, 
accuracy grade (Q-DIN3961), allowed deviation of gear 
ratio, range of 1z  variation, application factor, service life 
in hours, minimal safety factor - flank and minimal safety 
factor - root. 
Numerical examples obtained using this software are 
presented in this section. 
The input data are: 5 6i .= , 1000inn = min-1, =inT
39.787 Nm, 3000L =  h, 251.K A = , 7IT  for all 

Input data

Generate design 
variables

Constrains

Objective 
functions

Calculate gear pair geometry for 
external and internal geared pairs

Calculate safety factors for bending 
strength and safety factors for  
surface durability of external and 
internal geared pairs

Pareto solutions set

Start

Set of 
feasible 
solutions

lexicographic 
method

the –ε 
constraints 
method

priority funct.
constraints 
for others

priority funct.
tolerance 
coefficients

Optimal solution

Finish

weighted 
coefficients 

method

wi
i=1-4

 
 

Fig.2. Shortened algorithm 
   for optimization procedure 
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gears, 11.S minH = , 21.S minF = , material for sun 
gear/material for planets/material for ring 
gear=20MnCr4/20MnCr4/34CrNiMo6, 3i %∆ = , 

1 15 36z = ÷    
This transmission ratio is in accordiance with the 
distribution of the number of solutions regarding the 
transmission ratio. The greatest number of combinations 
is in the middle range for transmission ratio. The number 
of Pareto solutions is 61. Ideal values of functions are 
determined and shown in Table 1. 

Table 1. Ideal point coordinates 
idf1   

in mm3 

idf2   
in kg 

idf3  idf4   
in min 

237551.529 1.132 0.992 78.137 
 

Taking into consideration the fact that it is necessary to 
determine the priority of functions for the methods 
anticipated here, the following examples are noted. 
Example 1. Let the function 1f  be the priority function. 
The obtained solution is given in Table 2, with the set of 
objective functions in Table 3. This solution is obtained 
by all of the methods: the weighted coefficient method, 
the lexicographic method, and the ε - constraints method.  

Table 2. Solution obtained by prioritizing function 1f  
Variable values 

1z  
 

2z  
 

3z  
 

wn  
 

nm  
mm 

b  
mm 

16 27 -71 3 2 15 

Table 3. Objective function for solution shown in table 1 

1f   
mm3 

2f   
kg 

3f  4f  
min 

237551.529 1.132 0.984 78.137 
 

Example 2. Prioritizing the function 2f  all applied 
methods also indicated the solution shown in table 2. 
Example 3. Let the function 3f  be the priority function. 
The weighted coefficient method and the ε - constraints 
method point to the solution given in Table 4 and Table 5 
 

Table 4. Solution obtained by prioritizing function 3f  
Variable values 

1z  2z  3z  wn  nm  b  

28 51 -128 3 2 26 

Table 5. Objective function for solution shown in table 4 

1f   
mm3 

2f   
kg 

3f  4f  
min 

1373254.1 6.4 0.991 180.38 

The application of the lexicographic method gives 
solution shown in Tables 6 and 7. 

Table 6. Solution obtained by lexicographic method and 
by prioritizing function 3f  

Variable values 
      

29 53 -133 3 2 27 

Table 7. Objective function for solution shown in table 6 

  
in mm3 

  
in kg 

  
in min 

1538179.34 7.17 0.991 190.508 
 
These solutions are characterized by a large number of 
teeth on all gears. This is due to the nature of the third 
function. The increase in efficiency is followed by the 
increase in gear transmission dimensions (diameter and 
width), i. e. for obtaining the maximum of function 3f , a 
planetary gear train of huge dimensions is needed. It is 
obvious that in this example the choice for optimal 
solution is between solution presented in Table 4 and 
solution presented in Table 6. The solution shown in 
Table 4 is adopted since this solution is favorable 
redardind functions 1f , 2f and 3f , while the value for 

4f is the same in the both solutions.  

Example 4. Prioritizing the function 4f  all applied 
methods also indicate the solution shown in Table 2 with 
the objective functions shown in Table 3.  

 
5. COMPARISON OF OPTIMIZATION 

METHODS  
 
The solutions obtained by these methods for multicriteria 
optimization are coordinated. The methods, although 
starting from different prepositions and having different 
mathematical bases, lead to harmonized results, which 
provide a physical meaning.  
The ε -constraints method can be important if significant 
constraints are recognized. This method is especially 
applicable in situations when one function has the primary 
importance, while others must be in the range of some 
allowed limits. Setting the limits for functions has 
significant influence on the result. This means that if 
constraints are not decisive, but the priority of functions 
is, some other methods should be applied. 
The coordination between the weighted coefficient 
method and the lexicographic method can be easily 
observed. These two methods give identical results in 
three examples, but that is not the case in example 3. The 
weighted coefficient method reduces the problem to one 
single criterion optimization problem, and the 
lexicographic method requires solving three single 
optimization problems. When the third function has the 
priority, there are only few solutions in the first iteration, 
and they mainly have a small number of gear teeth. The 
priority of other functions has a very small influence on 
the final solution and hence is given consequently. 

1z 2z 3z wn nm b

1f 2f 3f 4f
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A CONTRIBUTION TO THE 

CALCULATION OF THE LOADING 
CAPACITY OF INTERNAL HIGH 

CONTACT RATIO GEARS 
 

Željko VRCAN 
Neven LOVRIN 

Božidar KRIŽAN 
 
 
Abstract: Design optimisations have led to increased 
gearbox power ratings, with reduced size and weight. 
This has led to the use of high contact ratio (HCR) gears, 
because these gears distribute the load between at least 
two tooth pairs in mesh, enabling the use of smaller and 
lighter gears. The loading capacity of internal gears has 
not been thoroughly researched yet, and even less has 
been done so far on internal HCR gears. The purpose of 
this paper is to present a viable alternative to the method 
outlined in ISO 6336 and a comparison with results 
obtained using finite element method analysis. 
 
Key words: Internal gears, high contact ratio, loading 
capacity, tooth root stress 
 
 
1. INTRODUCTION 
 
High contact ratio (HCR) gears are non-standard involute 
spur gears with a transverse contact ratio higher than two 
(εα > 2), which may be achieved by increasing the gear 
tooth height h over 2,25 mn, and/or  by  reducing  the  
normal  pressure  angle  αn below the standard value of 
20°. HCR involute gears offer some advantages compared 
to conventional gears, notably a greater load capacity, 
more uniform torque transmission and noise reduction [1, 
2, 3]. This is the result of teeth pairs in double or triple 
simultaneous contact, instead of a single or double contact 
with conventional gears, which also results in extended 
gear life. Because of the increase in load capacity, the 
gear module can be reduced compared to a standard 
involute gear carrying the same load, resulting in reduced 
gear size. The convex/concave contact during the mesh of  
internal HCR gearing offers better sliding conditions in 
comparison with external HCR gearing as well as 
standard involute gearing. 
The drawbacks of HCR gearing are lower tooth tip 
thickness, inconvenient sliding conditions between the 

teeth flanks, as well as higher accuracy required during 
manufacturing, which in turn means higher production 
costs [4, 5]. However, as the benefits of application 
outweigh the drawbacks of this type of gears, they are 
being increasingly applied to passenger cars (e.g. Peugeot, 
Citroen, Škoda, Opel, etc.), as well as to other road 
vehicles, aircraft and ships. Internal HCR gearing is 
mostly used in gearboxes and  crane rotation mechanisms. 
Furthermore, there have been no significant attempts to 
provide a calculation of the load capacity of internal gears 
at all, as it is usually taken for granted that the load 
capacity of a gear pair with an internal gear is determined 
by the external pinion gear. Therefore, it is very important 
to analyze the load capacity of HCR internal involute 
gears.  
This paper deals with the analysis of tooth root stress 
along the path of contact for internal high contact ratio 
gearing (Figure 1), and provides a cross-check of these 
results with results obtained using finite element method 
(FEM) calculations. Finally, the results are compared to 
those obtained using the method outlined in ISO 6336. 
 

T1

A
BD

CEF

G

rb2

ra2

ra1

rb1

r2 r1

 
 

Fig.1. Internal HCR gearing 
 
2. LOAD DISTRIBUTION ON GEARS IN 

MESH 
 
As it has been previously mentioned, the greatest 
difference between conventional and HCR gears is in the 
load distribution during the mesh. When speaking of 
theoretically ideal, accurately machined gears, a 
conventional gear will be alternatively loaded along the 
path of contact by 50% and 100% of the total normal 
force Fbt (Figure 2, right), while HCR gears will be 
loaded by 33% and 50%, respectively (Figure 2, left). 
The real load distribution along the path of contact has 
been performed for external HCR gearing only so far [6], 
as the proper tooth elastic deformation equations for 
internal HCR gearing are not known yet. An example of  
theoretical ( ---- ) and real ( ▬ ) load distribution on 
external HCR gear teeth along the path of contact is 
shown in Figure 3. 
As the teeth during the mesh of HCR gears are in double 
or triple contact, every accurately machined tooth should 
be theoretically loaded by alternatively 50% and 33,3% of 
the total normal force Fbt during the mesh  (Figure 3, 
dashed line ---). However, actual teeth are not rigid but 
elastic, so the maximal normal force Fbti on a tooth along 
the path of contact A-G will exceed 50% of the total 
normal force Fbt. The real load distribution is calculated 
on the basis of tooth elastic deformation using the 
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computer program developed for this purpose [6]. On the 
basis of the real load distribution it is possible to 
accurately calculate the real tooth root stress and Hertzian 
stress along the path of contact. This load distribution 
calculation and consequent stress distribution along the 

path of contact has already been validated by photoelastic 
measurements on external HCR gears [6], and its 
accuracy has been confirmed using the finite element 
method.

 

 
 
Fig.2. A comparison of the theoretical load distribution along the flank of internal HCR gears (left) and standard gears 

(right) 
 

 
 

Fig.3. An example of load distribution of external HCR gears [6] 
 
3. LOAD CAPACITY ACCORDING TO ISO 

6336 
 
The calculation of the load capacity of gears according to 
ISO 6336 [7, 8, 9] uses several assumptions and 
simplifications, however all result in errors on the safe 
side, with the result being significantly lower than the 
actual load capacity of the respective gears. It is assumed 
that every tooth is always loaded at the same point along 
the path of contact by the tangential force Ft which acts 
on the reference diameter d [10]. 
Tooth root stress calculation by ISO 6336 assumes that 
the load is acting on the tooth in the outer single point 
contact, while for HCR gears it is assumed to act in the 
internal triple point contact. Analysis of the gear mesh in 
[6] has shown that the internal triple point contact for 
HCR wheel gears in the case of tooth root calculation is at 

point E. The high contact ratio is taken into account by 
means of the deep tooth factor YDT. Tooth root stress is 
calculated using the equation (1): 
 

DTBSF
n

t
F0 YYYYY

mb
F

βσ
⋅

=      (1) 

 
Where YF is the tooth form factor, YS is the stress 
correction factor, Yβ is the helix angle factor, YB is the 
gear rim thickness factor, and YDT is the deep tooth factor. 
Detailed examination of (1) shows that ISO 6336 attempts 
to model the actual meshing conditions of internal HCR 
gears by reducing root stress via the deep tooth factor YDT, 
however the standard is generally limited to specifying a 
point along the path of contact in which the stress is to be 
calculated without further elaboration. 
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4. NEW LOAD CAPACITY CALCULATION 
FOR INTERNAL GEARS 

 
A new method for the calculation of tooth deflection was 
proposed in [11, 12, 13], continuing the work of [14]. 
Based on finite element research, this method places the 
point of maximum tooth root stress at the point in which 
the root fillet tangent closes an angle of 45° to the tooth 
centerline (Figure 4). 
 

 
 
Fig.4. Loading method and tooth root stresses according 

to [12]. Total root stress is a combination of stresses 
occuring in the tooth root, notably the nominal bending 

stress, σNb1, pure moment bending stress σNb2, point 
loading compressive stress σNc, and point loading shear 

stress τN 
 
This point is also used to establish the reference tooth 
thickness and loading arm length for tooth root stress 
calculations, unlike the ISO 6336 method which uses the 
point in which the root fillet tangent closes an angle of 
60° to the tooth centerline. The tangent angle of 45° to the 
tooth centerline was selected as tooth root cracking of 
internal gears almost always occurs at this point of the 
tooth root curve [11].  
Furthermore, as internal gears are generated using a 
pinion cutter, the reference tooth thickness s and loading 
arm length l are obtained by analysis of the root trochoid 
curve [11]. 

Assuming that the center of the coordinate system is 
located at the center of the internal gear z2, the 
coordinates (X, Y) of the root fillet curve (Figure 5) may 
be calculated as follows (2) (3): 
 

 
 

Fig.5. Fillet coordinate system according to [11] 
 

( ) ( ) ( )

( ) ( )

( ) ( )
0

wc

wi
0wcwc

2
0wc

2
wc

wc

wi
0wcwc

wc

wi
0wcwcwi

cos2

sinsin

sinsin

r

r
rhrrhrr

r
r

uhrur

r
r

uhrurrX

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−++

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−++−+

−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−++++−=

ϕ

ϕϕϕ

ϕϕϕ

   (2)
 

 

( ) ( ) ( )

( ) ( )

( ) ( )
0

wc

wi
0wcwc

2
0wc

2
wc

wc

wi
0wcwc

wc

wi
0wcwcwi

cos2

coscos

coscos

r

r
rhrrhrr

r
ruhrur

r
ruhrurrY

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−++

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−++−+

−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−++++−=

ϕ

ϕϕϕ

ϕϕϕ

   (3) 

 

where rwi is the pitch radius of the internal gear, rwc is the 
pitch radius of the cutter gear, h0 is the distance from the 
pitch circle to the center of the rounded corner of the 
cutter gear, u is the angle between the center of the cutter 
gear and the center of the internal gear, φ is the rolling 
angle of the pinion cutter, and r0 is the edge radius of the 
pinion cutter. 
The angle between the center line of the gear tooth and 
the tangent to the fillet curve θ can be calculated as: 
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Equation (4) has no analitical solution for φ, so it was 
solved numerically using the MATLAB MuPAD 
Symbolic Math Toolbox with θ = 45°, after which the 
coordinates of the point of maximum root stress were 
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calculated, as well as the radius of curvature of the root 
fillet curve at that point ρ (5): 
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The tooth thickness at the point of maximum stress s and 
the distance from the point of maximum stress to the point 
of loading l may be calculated using equations (6) (7): 
 

Xs 2=         (6) 
 

KYl cos
cos
cos

p

b
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−=       (7) 

 

The angle between the direction of loading and center line 
of tooth Θ is calculated using equation (8): 
 

p2
απ

−−=Θ K        (8) 
 

The distance from the centerline of the tooth to the 
loading point y is calculated using (9) (10): 
 

Kry sin
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where z2 is the tooth number of the internal gear, x2 is the 
addendum modification coefficient of the internal gear, αc 
is the pressure angle of the cutter gear, αp is the pressure 
angle at the loading point, and αw is the working pressure 
angle. 
This method of stress calculation is based on the analysis 
of the tooth shape by conformal mapping, and takes into 
account the stresses occuring in the tooth root, notably the 
nominal bending stress σNb1, pure moment bending stress 
σNb2, point loading compressive stress σNc, and point 
loading shear stress τN (Figure 4). 
Based on gear geometry data, internal gear tooth root 
stress may be calculated by means of equation (11) [11] : 
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Where σNb is the combined bending stress, and ρ is the 
radius of curvature at the point in which the root fillet 
tangent closes an angle of 45° to the tooth centerline. 
Equation (11) may be rearranged to a simpler form (12) 
by using geometrical factors described in [12]: 
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where m is the gear module, b is the gear width, θ is the 
angle between the direction of loading and the tooth 
centerline, and y is the perpendicular distance from the 
point of contact to the tooth centerline. It should be noted 
that only the stress on the tensile side of the gear tooth is 
calculated here and used for comparison with the results 
according to ISO 6336, as tooth cracks usually originate 
on the tensile side of the gear tooth [9]. 
 
5. FINITE ELEMENT VALIDATION 

PROCEDURE 
 
The gear geometry was calculated using the software 
GEARPAC HCR developed at the Technical Faculty of 
the University of Rijeka. This geometry was then 
transferred to the FEM solver package Ansys 13.0 used to 
validate the results obtained using the method outlined in 
Section 4. 
Even though root stresses may be calculated using a force 
applied at a point along the tooth flank, the non-linear 
contact analysis approach was used instead to avoid the 
effects of mesh deformation at the loading points [15]. As 
the analysis was restricted to theoretically accurate 
internal spur gearing, the gear models were created as 2-D 
sections of the actual gears. 
As only a small part of the actual gear is under load 
during the mesh of gears, the models were reduced to 
sections, notably 10 teeth for the pinion and 11 teeth for 
the wheel. The thickness of the gear rim beyond the root 
diameter df was equal or greater than 5 mn in order to 
avoid thin rim effects [16] (Figure 6). 
 

 
 

Fig.6. Meshed gear model 

The gear models were meshed using PLANE 183 
elements (Figure 7), which are eight node higher order 
planar elements having two degrees of freedom in each 
node. They are suitable for investigations concerning both 
plane stress and strain, and material thickness may be 
defined too [17]. 
The contact was modelled as line to line contact of 2-D 
bodies, and the contact areas were meshed using elements 
TARGE 169 and CONTA 172 (Figure 8). These are         
three node parabolic elements suitable for the analysis of 
plane stress and strain. These elements cannot be used on 
their own but must be overlaid on previously meshed 
elements such as PLANE 183 [17]. 
After the loading stage, the root stress at the point in 
which the tooth root fillet tangent closes an angle of 45° 
to the tooth centerline was compared to the values 
obtained using the method from Section 4. 
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Fig.7. PLANE 183 element 
 

 
 

Fig.8. TARGE 169 and CONTA 172 elements 
 
The location of the point of maximum stress on the tooth 
root curve for the purposes of finite element calculation 
was determined by calculating the radius r corresponding 
to the point (13): 
 

22 YXr +=      (13) 
 

The node corresponding to this radius was easily located 
by intersecting the internal gear model with this circle 
(Figure 9). 

 
Fig.9. Locations of the points of maximum stress 

 
6. TEST GEAR DATA 
 
The equations were tested on the following spur gear 
pairs: 
Pair 1: pressure angle α = 22°, module mn = 12 mm, 
center distance a = -1800 mm, teeth numbers z1,2 = 50 / -
350, tooth addendum factor hf* = 1,5 mn, tooth dedendum 

factor  ha* = 1,2 mn, tip radius ρa* = 0,2 mn, addendum 
modification coefficients x1,2 = 0, reference diameter     
d1,2 = 600 / -4200 mm, tip diameter da1,2 = 631,2 / -4168,8 
mm, root diameter df1,2 = 564 / -4236 mm, contact ratio    
εα = 2,271, maximum stress point radius r = -2114,18 
mm. 
Pair 2: pressure angle α = 18°, module mn = 12 mm, 
center distance a = -1500 mm, teeth numbers z1,2 = 50 / -
300, tooth addendum factor hf* = 1,5 mn, tooth dedendum 
factor  ha* = 1,2 mn, tip radius ρa* = 0,2 mn, addendum 
modification coefficients x1,2 = 0, reference diameter     
d1,2 = 600 / -3600 mm, tip diameter da1,2 = 631,2 / -3568,8 
mm, root diameter df1,2 = 564 / -3636 mm, contact ratio   
εα = 2,649, maximum stress point radius r = -1814 mm. 
Pair 3: pressure angle α = 20°, module mn = 4 mm, center 
distance a = -320 mm, teeth numbers z1,2 = 40 / -200, 
tooth addendum factor hf* = 1,4 mn, tooth dedendum 
factor  ha* = 1,2 mn, tip radius ρa* = 0,2 mn, addendum 
modification coefficients x1,2 = 0, reference diameter     
d1,2 = 160 / -800 mm, tip diameter da1,2 = 169,6 / -790,4 
mm, root diameter df1,2 = 148,8 / -811,2 mm, contact ratio 
εα = 2,254, maximum stress point radius r = -404,673 
mm. 
Pair 4: pressure angle α = 20°, module m = 12 mm, center 
distance a = -1800 mm, teeth numbers z1,2 = 50 / -350, 
tooth addendum factor hf* = 1,5 mn, tooth dedendum 
factor  ha* = 1,2 mn, tip radius ρa* = 0,2 mn, addendum 
modification coefficients x1,2 = 0, reference diameter     
d1,2 = 600 / -4200 mm, tip diameter da1,2 = 631,2 / -4168,8 
mm, root diameter df1,2 = 564 / -4236 mm, contact ratio   
εα = 2,435, maximum stress point radius r = -2114,07 
mm. 
Pair 5: pressure angle α = 14°, module mn = 12 mm, 
center distance a = -1800 mm, teeth numbers z1,2 = 50 / -
350, tooth addendum factor hf* = 1,4 mn, tooth dedendum 
factor  ha* = 1 mn, tip radius ρa* = 0,39 mn, addendum 
modification coefficients x1,2 = 0, reference diameter     
d1,2 = 600 / -4200 mm, tip diameter da1,2 = 624 / -4176 
mm, root diameter df1,2 = 566,4 / -4233,6 mm, contact 
ratio εα = 2,511, maximum stress point radius                
r = -2115,88 mm. 
 
7. RESULTS 
 
The tooth root stress was calculated assuming a 
theoretical load distribution of one third of the total 
tangential force during the periods of triple contact (A-B, 
D-E and F-G) and one half of the total tangential force 
Fbt during the periods of double contact (B-D and E-F). 
The load according to ISO 6336 was calculated for point 
E using the full total tangential force Fbt. 
It was assumed that all gears share the same facewidth     
b = 10 mm and are being loaded by the same force          
Ft = 1000 N. Root stress calculated using the method from 
[11, 12, 13] is depicted by a solid line (─) the stress 
calculated using FEM is depicted by a dashed line (--), 
while the stress according to ISO 6336 is depicted by a 
dot (●) (Figure 10 to 14). 
It should be noted that (14): 
 

αcos
t

bt
FF =      (14) 
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Fig.10. Stress distribution for gear pair 1, εα = 2,271. Fbt = 1078,54 N. Stress according to ISO 6336 is 314,9 MPa. 
 

 
 

Fig.11. Stress distribution for gear pair 2, εα = 2,649. Fbt = 1051,45 N. Stress according to ISO 6336 is 157,5 MPa. 
 

 
 

Fig.12. Stress distribution for gear pair 3, εα = 2,254. Fbt = 1064,18 N. Stress according to ISO 6336 is 580 MPa. 
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Fig.13. Stress distribution for gear pair 4, εα = 2,435. Fbt = 1064,18 N. Stress according to ISO 6336 is 228,2 MPa. 
 

 
 

Fig.14. Stress distribution for gear pair 5, εα = 2,511. Fbt = 1030,61 N. Stress according to ISO 6336 is 130,2 MPa.

8. CONCLUSION 
 
The results (Figs. 10 to 14) obtained using the method 
outlined in [11, 12, 13] are significantly lower than those 
obtained using the ISO 6336 method. This is due to the 
simplifications used in ISO 6336 calculations, as well as 
the ISO 6336 standard being developed primarily for low 
contact ratio gears with a pressure angle α = 20°. 
Furthermore, the results obtained using the method of [11, 
12, 13] are in good accordance with the results obtained 
using FEM analysis, with the exception of situations 
(Figure 10) in which the point of maximum root stress 
falls within the contact area for point G, where it is not 
possible to obtain an accurate solution. However this 
should not be of great concern, as this is the most 
favourable of all loading conditions, with the shortest 
bending arm length. This method will provide a more 
accurate calculation of internal tooth root stress in 
general, and future research will see it extended to cover 
tooth deflection, with the results being verified by using 
finite element methods. 

Based on the results of this research, the point of highest 
loading for the internal gear seems to be point B with 
50% Fbt acting as the designated load, and further 
research should be conducted in this direction. 
 Finally, research is also pending on the impact of internal 
gear optimization on the loading capacity of the paired 
external gear, as it is usually the member which 
determines the loading capacity of a gear pair with an 
internal gear. 
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EXPERIMENTAL RESEARCH OF HCR 
GEARING FROM PITTING DAMAGE 

POINT OF VIEW 
 

Miroslav VEREŠ 
Siniša KUZMANOVIĆ 

Milan RACKOV 
 
 
Abstract: The problematic of contact strength of involute 
gearing with extended path of the contact line, known in 
the literature also as the HCR gearing (High Contact 
Ratio), is discussed in this paper. Suitable for strain and 
working life HCR gear has not been sufficiently 
researched up-to-date. It has been identified that in HCR 
gears different process of pitting birth arose while gear 
processing, having direct impact on gear working  life. 
Majority of standard methods and procedures apply for 
standard involute gearing only. There is no possibility to 
use mentioned procedures without any further change 
while applying on HCR gear. It relates primarily to 
material constant, experimentally measured in the past. In 
the paper authors describe all this basic problems 
concern to contact load capacity of HCR gearing.  
 
Key words: HCR gearing, pitting damage, experimental 
methods for pitting damage evaluating, contact load 
capacity 
 
 
1. HCR GEARING 
 
For the smooth engagement of the gears it is important 
that a couple of teeth of together maiting wheels remained 
engaged until the next couple of teeth comes in the 
engagement, which means that the next tooth sides must 
be engaged in before the previous sides terminate the 
engagement. For qualitative and quantitative assessment 
of this condition’s fulfillment the contact ratio coefficient 
εα is used. The value εα for conventional involute gears 
with straight teeth is in the range 1 < εα <2. By the HCR 
gears the contact ratio coefficient (duration of involute‘s 
engagement) is at least equal to 2, implying that in the 
engagement are always at least two pairs of teeth (Fig. 1), 
eventually by  εα >2   the third pair of teeth as well. For 
the HCR gear with εα >2 can be expected to have more 
favorable conditions for meshing in comparison with the 
standard involute gears. The gear with εα >2 works well in 

the three pair engagement, which means that along the 
path of contact (contact line) comes into contact the third 
pair of teeth.  
 

 
Fig.1. Geometry of involute HCR gearing 

 
Three-pair engagement means higher overall load 
capacity and lower noisiness. These favorable 
characteristics of the HCR gears should be reflected in 
increase of its resistance to contact fatigue damage - 
pitting, which is one of the main requirements for the 
design of the gears used e.g. in automotive transmissions. 
Creation of fatigue damage of the teeth sides by pitting 
directly depends on the gear load. Workload at the three 
pair engagement divides between 2, respectively 3 pairs 
of teeth sides instead of one, respectively 2 pairs of sides 
(standard gearing), so its value decreases (Fig.2).  

 
Fig.2. Shape of the curves represents the total transmitted 

power along the path of contact in one pair of HCR 
gearing teeth 

 
Pitting damage is one of the most common types of 
damage of the teeth flanks in the gears. It is caused by 
contact fatigue and its typical appearance is creation of 
the small holes on the surface of the operating part of the 
flanks of the tooth. Their creation is caused by the gradual 
accumulation of defects in the subsurface material layer at 
multiple touch tensions. 
 
2. PITTING IN THE HCR GEARING 

 

According to current knowledge, creation and character of 
the pitting in the HCR gear is some different from the 
standard involute profiles. The main reasons are 
significantly higher slides, longer engagement and 
different load distribution between the teeth in gear. The 
area damaged by pitting is in the case of HCR gears more 
situated under the rolling cylinder, is more solid, the 
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pitting is "more progressive", oval shaped and usually 
affects larger area than pitting generated in standard 
involute gears (Fig.3).  
 

 
Fig.3. Standard gear pitting damage 

 
The shape and location of the pitting in the HCR profiles 
is clearly shown in the Fig.4. Due to the larger 
measurement delays at the beginning and the end of the 
engagement are the profiles significantly more prone to 
the creation of the temperature scuffing, which is clearly 
shown in the Fig.4. Profit from a more favorable load 
distribution along the engagement is partially eliminated 
by less favorable course of the values of the reduced 
radius of curvature along the meshing. Due to the longer 
contact line is its value in the peripheral areas lower, 
which of course leads to higher values of the Hertz 
pressure in contact area. Therefore we cannot expect 
significantly greater resistance of the HCR gears to the 
standard gears with comparable geometric parameters. On 
ÚDTK SjF STU were performed extensive experimental 
tests of HCR gears, which proved this statement. 
 

 
 

Fig.4. Pitting in the HCR gearing 
 
3. EXPERIMENTAL TESTS OF THE HCR GEAR 
 

The purpose of tests of the HCR gears was to provide the 
limit of fatigue in contact stress σHlim according to the 
DIN 51354 methodology. For this purpose was used the 
tester with closed-flow of load.  
Tested, as well as technological gears have been 
manufactured according to class 6 of the DIN 3962 
standard (Determination of tolerances of cylindrical 

gears). Mentioned class also meets the requirements of 
standards for stress testing according to DIN 3990 T5.  
Basic parameters of the test gears are evident from Tab 1. 
Test gears (Fig.5) were made from uncured carbon steel 
of 12061 class. Surface roughness of teeth sides of both 
gears is Ra=0,8 µm. 

 

 
 

Fig.5. Model and real test HCR gear in gear-box  
 
Due to the high pressure in the meshing, a hypoid oil PP 
90H was used for lubrication. In addition to its good 
resistance to high loads, it also prevents thermal seizure. 
Due to the lower circumferential speed of the gearing 
(ν=3,18 m/s), the lubrication was done by oil bath of the 
gears. For the quantification and evaluation of damages to 
the teeth flanks by pitting was created a complex method, 
which was used in determining of percentage damage to 
the flanks of teeth by pitting of tested samples [6].  
 

 
 

Fig.6. Wöhler curve including extrapolated values of 
limσ H
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Within the development and performance of the method 
was developed a software (called Pitting-Check), which 
enables the processing the digital image and subsequently 
evaluates the size of area defected by pitting. 
According to the input values from the Table 2 the 
dependence logσh–logN was constructed and 
extrapolating to N = 5.107 cycles also found the limit of 
fatigue in contact stress (Fig. 6).  
According to Fig. 6 it is possible to write the equation 
describing the linear part of the Wöhler curve in the form: 
 
y = -0,1845x + 4,182                             (1) 

 
where the constants are k = -0,1845 and q = 4,182 and the 
correlation coefficient is R2 = 0,9318. Then the limit of 
fatigue strength of the HCR gears made from a material 
12061.1 in contact is: σHlim = 578,15 MPa and exponent of 
the Wöhler curve qH = 5,42. 
Analysis was performed after the end of the experiment 
on the maximum loading level. Therefore, the extent of 
damage by pitting is corresponding with the limit value, 

determining the maximum possible damage to the gear. 
Pitting in this case can be seen with the naked eye, by so-
called macroscopic analysis. From Figure 9.6 it is clear 
that the pitting in the HCR gearing shows at the contact 
surfaces of tooth flanks, especially in the dedendum of 
tooth. 
In comparison with the conventional involute gear is clear 
that the exponent of the curve qH  is lower in the HCR 
gearing, since the shape of the tooth is less sensitive to the 
higher load. 
 
4. CONCLUSION  

 
By theoretical analysis and the experimental fatigue tests 
were some differences of pitting damage at the HCR 
gears to the standard profiles confirmed. It was shown 
that the pitting damage on the gears with a greater value 
of the profile contact ratio coefficient is extensive and 
initialization fracture is much deeper, as evidenced by 
metallographic analysis (Fig.7). 

     Table 1. Basic parameters of HCR gearing samples 
 

Parameters 
Name Sym. Unit 

PINION GEAR 

Centre distance a mm 144 
Gear ratio i - 2,428 
Module m mm 4 
Tooth number z - 21 51 
Width of gears real b mm 15 15 
Width of gears common bw mm 14 
Helix angle β  ° 0 
Pressure angle α  ° 20 

Addendum *
ah  - 1,30 1,29 

Dedendum *
fh  - 1,70 1,70 Relative values of the basic 

profile 
radius *ρ  - 0,212 

Relative displacement of profile x - 0,400 -0,400 

Profile contact ratio coefficient αε  - 2,003 

 
      Table 2. Initial values for Wohler curve construction 
 

Order Mk [Nm] Fbn(Xp) [N] Hσ  [MPa] log Hσ  Number of 
cycles Ni  

log Ni 

1s 267,71 2713,25 1134,82 3,055 1 650 000 6,217 

2s 262,32 2658,62 1123,34 3,051 1 890 000 6,276 

3s 261,01 2645,34 1120,53 3,049 2 050 000 6,312 

4s 185,34 1878,40 944,23 2,975 2 240 000 6,350 

5s 182,30 1847,62 936,46 2,971 2 310 000 6,364 

6s 189,12 1916,74 953,82 2,979 2 730 000 6,436 

7s 122,28 1239,36 766,96 2,885 10 370 000 7,016 

8s 127,11 1288,26 781,96 2,893 11 510 000 7,061 

Extrapol. - - 578,15 2,762 50 000 000 7,699 
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From this first experience, it is concluded that the HCR 
gear has not the expected properties in terms of resistance 
to pitting damage, i.e. its resistance is according to this 
limit only slightly higher than the resistance of the 
standard profiles, of course, the usage of this gear is 
appropriate in terms of noisiness. Even experimental 
measurements realized within our research showed that 
the noise factor of the HCR gears with profile contact 
ratio coefficient εα≈2 is significantly lower than the noise 
of the gear with a lower value of εα . In the design of the 
HCR gear one must bear in mind it’s greater susceptibility 
to damage by temperature scuffing, which has been 
confirmed in our experiments and required to use hypoid 
oil to lubricate the gears. 
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Fig.7. Metallographic analysis of the teeth of pinion of the HCR gears with progressive pitting damage 
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COMPUTER-AIDED DESIGN SYSTEM 

“CONTOUR” FOR INVOLUTE  
SPUR AND HELICAL GEARS 
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Abstract: The present paper considers basic principles of 
computer-aided design of involute spur and helical gears 
(ISHG) on basis of method of blocking contours. A brief 
description of thereto created ISHG CAD system 
“Contour” is presented. Principles are described for 
forecasting and extreme design of ISHG and examples are 
given for design of gears by means of the system 
“Contour”. 
 
Key words: CAD system for involute spur and helical 
gears, blocking contour, forecasting and extreme design 
 
 
1. INTRODUCTION 
 
The design process of practically all engineering products 
is being automatized to a greater and greater extent. This 
relates in full to computer-aided design of such an 
interesting and still important mechanical engineering 
object as gears and, in particular, their most widely spread 
variety – involute spur and helical gears (ISHG). New 
approaches developed here allow upgrading essentially 
common design techniques. 
Specific character of these gears design implies 
possibility to choose only two parameters with peculiar 
features from the variety of parameters of the designed 
gear. These parameters are shift coefficients of the pinion 
(х1) and gearwheel (х2), and their peculiar features, which 
single them out of the large number of other parameters, 
are as follows: 

 they are usually determined at the very early stage of 
the design process, actually next to the stage of 
choosing the initial data and it is sometimes the part of 
this stage; 

 the prevailing part of geometrical, kinematical and 
strength parameters of the gear to be designed depends 
on values of these coefficients (that is why they 

should be determined at the very beginning of the 
design), and many of these parameters, especially 
geometrical, can be calculated immediately after 
definition of shift coefficients if some basic 
parameters of the designed gear are known – basic 
rack parameters (pressure angle α, tooth addendum 
factor ha*, coefficient of radial clearance с*), the 
gearing module m, tooth numbers of pinion z1 and 
gearwheel z2, and also the tooth helix angle β (for 
helical gears). 

Therefore, definition of shift coefficients is a rather 
responsible stage of the gear design process. During 
rather long period of time they have been determined 
experimentally or on basis of various technical 
approaches, recommending the choice of coefficients 
without account of specific requirements to the gear under 
design. The procedure has been very time consuming and 
it did not guarantee the expediency of accepted shift 
coefficients.  
A new approach to determining shift coefficients and 
development of a computer-aided design system on its 
basis became possible with appearance of a method 
applying the so-called blocking contours [1, 2]. 
 
2. BLOCKING CONTOUR OF INVOLUTE 

SPUR AND HELICAL GEAR 
 
The essence of this method is briefly as follows: the area 
of allowable values of shift coefficients can be presented 
at the coordinate plane х1, х2 as the geometric figure 
which is drawn by a family of lines, each of them 
corresponding to this or that limitation which is necessary 
to follow for kinematically correct operation of a gear 
(Fig. 1, lines 1 – 7). This family of lines generates the so-
called blocking contour (BC). The task of determining 
shift coefficients is reduced here to the choice of the point 
(х1, х2), lying inside this contour (points а, b in Fig. 1). 
This process is considerably simplified due to the fact, 
that besides the lines generating the blocking contour, 
lines can be calculated and shown on the plane х1, х2 
which correspond to some additional criteria which 
should be certainly or desirably followed when designing 
a gear. These lines are called the lines of additional 
quality characteristics (lines А, В, С in Fig. 1) [3, 4]. They 
pass along the coordinate plane х1, х2 in different 
directions both through the area, limited by BC and, 
perhaps, outside this area (it depends on initial parameters 
of the gear under design, and, particularly, on the gear 
ratio 

1

2

z
zu = ). The choice of the point (х1, х2) on this line 

provides the exact compliance of the corresponding 
characteristic of gear quality; in fact it allows performing 
optimization of the gear according to the given criterion. 
Evidently, being the geometrical object in a two-
dimensional space, the blocking contour is conveniently 
calculated and displayed on a plane, for instance, at LCD 
panel and can be thus applied for determining pinion and 
gearwheel shift coefficients within computer-aided design 
of ISHG, that is, it can be considered as one of the main 
elements of CAD system for involute spur and helical 
gears. 
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Let us note the following features of blocking contour 
lines:  

 
 

Fig.1. Lines, generating the blocking contour 
(shaded area) and lines of additional  

characteristics quality of gear: 
1 – line of transverse contact ratio (εα = 1); 

2, 3 – line of tooth tapering for a pinion (sa1 = 0) and a 
gearwheel (sa2 = 0); 

4, 5 – line of tooth undercut for a pinion and gearwheel 
correspondingly; 

6, 6’ – interference lines at pinion tooth root; 
7, 7’ – interference lines at gearwheel tooth root; 

А – line of constant interaxial distance aw  
and pressure angle αtw; 

В – line of maximum smoothness εα max; 
С – line of equal specific slidings. 

 
 their calculation requires a minimum number of initial 
data, usually known at the very early stage of the 
design procedure (enumerated above parameters α, 
ha*, с*, z1, z2, β; note here, that module m is in general 
not obligatory for these lines calculation). In 
particular, when designing a spur gear (β = 0°) with 
the so-called standard parameters of the basic rack 
profile (α = 20°; ha* = 1; с* = 0.25) it is necessary to 
assign only tooth numbers for a pinion z1 and 
gearwheel z2; 

 on the other hand, the procedure of designing and 
displaying lines is a very time-consuming 
computational process, since in order to display a 
certain line, it is necessary to calculate a set of its 
points, arranged rather close to each other and connect 
them by segments of straight lines; the calculation of 
coordinates for each point of a majority of lines 
(besides several relatively “simple” ones) is to be 
performed by numerical methods on basis of 
transcendent equations. 

 
3. CAD SYSTEM “CONTOUR” FOR 

INVOLUTE SPUR AND HELICAL GEARS  
 

The result of practical implementation of the present 
approach was the creation of a CAD system “Contour”, 
its main body being program modules of calculating and 
displaying lines of blocking contour and additional 
characteristics of gear quality. The process of system 

operation implies the possibility for a user to shift the 
point (x1, x2) arbitrarily along the coordinate plane within     
BC limits, positioning it as required with respect to lines 
of BC and additional characteristics of gear quality. A 
user gets information interactively on values of x1, x2 and 
gear design parameters in order to take the corresponding 
decision. Mathematical model of blocking contour, basic 
operation principles of the system “Contour” and methods 
of its practical operation are described in details in [3, 4, 
5]; nevertheless, the typical examples shown below give a 
complete representation of system possibilities. 
Example 1. When designing a gear, such two criteria are 
univocally assigned among all others, that each of them 
can be graphically displayed as a line of additional quality 
characteristic on the coordinate plane  х1, х2. Then the 
point to be determined (х1, х2) must evidently appear at 
the intersection of these lines. If this point proves to be 
within the limits of BC, the task of definition of shift 
coefficients, simultaneously satisfying both criteria and 
condition of kinematic correctness of gear operation, can 
be considered to be solved. The typical example is: the 
interaxial distance aw = const is assigned (Fig. 2, straight 
line A) and the condition is taken, that the transverse 
contact ratio εα must be maximum possible (Fig. 2, line 
B). Note here, that the task in such statement has actually 
practical significance, since center distance defines 
overall dimensions of a gear and it is often given as the 
initial parameter, and contact ratio defines one of essential 
characteristics of gear functioning – smoothness of its 
operation. Line B can be conditionally named as the line 
of maximum smoothness of gear operation (this line and 
its properties have been considered in more details in [3, 
5]). The point of intersection of lines A and B (point а) 
gives the precise solution of the task since it lies within 
the boundaries of BC. (Here and further lines, limiting 
BC, will be designated by digits, the straight line of the 
given interaxial distance and lines of additional 
characteristics of gear quality – by capital letters, and 
points – by small letters of the Latin alphabet). 
One can note, that the point b in the given above Fig. 1 is 
also the example of such a choice of shift coefficients. 
 

 
 

Fig.2. Blocking contour (shaded area) for z1 = 19; z2 = 
37; m = 2 mm; β = 0°. The point а (intersection of lines А 
and В): х1 = 0.15; х2 = 1.107. At the point а for the given 
interaxial distance aw = 58.22 mm the transverse contact 
ratio εα is maximum: εα = εα max = 1.310. The point b (х1 = 
х2 = 0.5) is the example of auxiliary choice of the point 

within the BC 
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Example 2. When designing a gear, there are such 
parameters, which have the required values within some 
range. Then for each of these parameters two lines can be 
calculated and displayed on the coordinate plane, which 
correspond to extreme values of the given range. The 
point (х1, х2) must be evidently chosen within the area, 
restricted by these lines. Therefore, we obtain a more 
restricted space for the choice of possible values of shift 
coefficients. The task is not reduced here to univocally 
determined choice of the point (х1, х2) like in the previous 
case. One can say, that under such choice of shift 
coefficients the user obtains the additional degree of 
freedom, since the point is chosen not within one-
dimensional space (on the line) like in the previous case, 
but within two-dimensional space (on the plane and, to be 
more exact, on its rather restricted area). This case is 
shown in Fig. 3. Here, the first parameter with imposed 
restrictions is the transverse contact ratio 1.1 ≤ εα ≤1.3, 
the second parameter is the tooth thickness at the pinion 
addendum circle 0.4 m ≤ sa1 ≤ 0.6 m. Correspondingly, 
the following lines are shown on the coordinate plane: 
line 1, corresponding to the value εα = 1.1; line 1' for εα = 
1.3; line 2 for sa1 = 0.4 m; line 2' for sa1 = 0.6 m.  
 

 
 
Fig.3. Blocking contour for z1 = 19; z2 = 37; m = 2 mm; 
β = 15°. The point а (arbitrary point within the area of 

allowable values): х1 = 0.9; х2 = 0.4. 
 
The considered approach to the computer-aided gear 
design is also reasonable, since a whole number of 
parameters of the designed gear depending on coefficients 
х1, х2 can be calculated and displayed right after the 
choice of the point (х1, х2). It gives the additional 
reference when choosing the shift coefficients, because 
the correctness of their choice can be estimated to some 
extent according to values of the calculated parameters. 
Fig. 2 and 3 show two panels: “Gearset parameters” and 
“Calculated parameters”, which display the values of 
main gear parameters, corresponding to the chosen shift 
coefficients. When one or several parameters do not 
correspond to the design task, it is necessary to continue 
choosing shift coefficients and introduce necessary 
corrections, keeping the described above restrictions. The 
system “Contour” gives a designer the possibility of such 
an interaction. 
The system has a number of additional possibilities, 
related to visual representation of different design stages. 

These possibilities are described in details in [4, 5]; let us 
note here only the following ones: 

 visualizing the engaged gearwheel and pinion with 
shift coefficients chosen by means of BC. The 
following possibilities are available here: 1) 
animation, that is, rotating gearwheel and pinion 
which imitate real operation of a gear; 2) providing the 
image with auxiliary elements, simplifying a visual 
perception of the gearing: with arcs of circumferences 
(base, reference, apexes and troughs circumferences) 
and line of engagement with specific points marked on 
it: pitch point, boundaries of the active area and zones 
of a single- and double-pair engagement; 3) image 
scaling for better profile visualization (Fig.4); 

 visualizing the process of gear cutting, that is, 
modeling the process of rolling a gearwheel with a 
gear rack. Here the work piece of the gearwheel to be 
cut is stationary, and the rack is rolled around it, the 
mutual position of the rack and work piece being 
determined with account of the assigned shift 
coefficient (Fig.5). 

 

 
Fig.4. View of engagement with auxiliary elements at the 
initial contact phase of the next tooth pair (point A ). The 
gear pinion is from below, the gearwheel is from above. 

 

 
 

Fig.5. Modeling the process of gearwheel cutting  
by a rack 

 
As for the proposed technique of choosing shift 
coefficients, the following conclusion can be made. The 
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technique in fact proposes a “visual” choice of shift 
coefficients, when lines of blocking contours and 
additional quality characteristics are displayed at the 
monitor and the user, who has here the opportunity to 
shift the point (х1, х2) arbitrarily along the coordinate 
plane, positions this point with respect to these lines. At 
the same time, the positioning accuracy equal to 0.001 
within the system “Contour” is enough for practical 
application (and even redundant, since values х1, х2 are 
determined in practice with aсcuracy up to 0.01). 
Basically, the task can be stated and solved, for instance, 
to determine coordinates х1, х2 of intersection point of two 
certain lines at the coordinate plane with any accuracy, in 
particular, lines of the assigned interaxial distance and 
maximum smoothness (see p.1 above). If the task does 
not have a precise analytical solution for some pair of 
lines, it can always be solved numerically. However, 
solution of such a task is not practically expedient (at least 
in design of real gears) and the proposed approach – a  
“visual” choice of parameters (in this case х1, х2 ) within 
certain limits seems to be justified. 
 
4. FORECASTING AND EXTREME DESIGN OF 

ISHG. CONCEPT OF DYNAMIC BLOCKING 
CONTOUR 

 
The proposed concept actually allows implementing also 
some additional aspects of gear design which supplement 
traditional methods of design and enrich its contents. It is 
a question of “forecasting” and “extreme” aspects of 
computer-aided design. 
Forecasting aspect is already implemented at the stage of 
choosing the point (х1, х2) within BC, since when 
choosing the position of the point on the coordinate plane 
with respect to different lines of BC one can judge the 
expediency of the choice of shift coefficients (without 
enough qualitative values of gear parameters at this point) 
according to proximity of remoteness of the point from 
this or that line of BC or lines of additional characteristics 
of gear quality.  
The noted above feature of the proposed technique of 
design, that is, possibility to calculate and visualize gear 
parameters for each position of the point (х1, х2) on the 
coordinate plane, increases the forecasting aspect even 
greater. When shifting the point along the coordinate 
plane, the visualized gear parameters are recalculated and 
displayed practically simultaneously with this 
displacement. Such version of operation allows the 
designer to forecast the gear quality according to the set 
of its main parameters, staying at one of initial stages of 
design – at the stage of choosing the shift coefficients. 
Possibility of objective forecasting at this stage is 
increased due to the concept of dynamic BC implemented 
in the system, and described in [3, 4, 5]. The essence of 
this concept is a special approach to calculation and 
visualization of BC lines depending not only on 
parameters of the gear itself, but on values of the 
corresponding quality coefficient (for instance, line of 
transverse contact ratio – 1, 1' – or tooth thickness at top 
circumference – 2, 2' in Fig. 3). Two or more lines of one 
and the same quality coefficient can simultaneously 
appear on the coordinate plane (for example, as it is 
shown in Fig. 3, lines 1 – εα = 1.1 and 1' – εα = 1.3, and 

also 2 – sa1 = 0.4 m and 2' – sa1 = 0.6 m). That is why the 
user can forecast with total-lot probability, that when 
choosing the point within the area, closed between such 
two lines, he will obtain a gear with the value of such 
parameter within the corresponding limits (in this case 1.1 
≤  εα ≤  1.3 and simultaneously 0.4 m ≤ sa1 ≤ 0.6 m). 
Such approach is the development of a traditional concept 
of blocking contours and allows applying their 
possibilities wider when forecasting the gear quality.  
By means of the CAD system “Contour” the user can also 
obtain the calculation results of all main parameters of the 
designed gear for assigned shift coefficients (besides 
those shown in Fig. 2, 3). At this stage calculation and 
visualization are possible for not only geometrical, but 
also kinematical and strength gear parameters, however, 
under an obvious condition, that the values, necessary for 
these calculations, have been assigned at the stage of 
initial data entry.  
Strength analysis of contact and bending endurance of a 
gear is performed according to the technique of standard 
ISO-6336 and Russian standard GOST 21354-87. The 
analysis results in three pairs of parameters: 1) design σH 
and allowable σHP contact stresses at the pitch point; 2) 
design σF1 and allowable bending stresses in the risky 
section at the pinion tooth root; 3) the same parameters 
σF2 and σFP2 for the gearwheel tooth (dimensionality of all 
stresses is MPа). Results are considered to be satisfactory 
is three inequalities are held true simultaneously: σH < 
σHP, σF1 < σFP1 and σF2 < σFP2. 

Design kinematic parameters of a gear are: 

 sliding speed at the point of tooth profile at the 
addendum circle of a pinion vsa1 and gearwheel vsa2 
(mm/sec); 

 specific sliding at the lowest point of the active tooth 
profile for a pinion θp1 and gearwheel θp2. 

Having estimated in such a way the designed version of 
the gear, the user can either accept the chosen shift 
coefficients as final and continue the gear designing, or 
turn back to the dialog with BC and try to choose other 
shift coefficients which could allow obtaining a gear 
which is more suitable for the design task. In the latter 
case the iteration principle ensured in the system is 
displayed, such a step-by-step approximation allows 
achieving the optimal result – to design a gear with 
maximum correspondence to the design task. 
As far as extreme aspects of spur and helical gears design, 
one can note the following. The task of finding extreme 
(maximum or minimum) values of these or those gear 
parameters is rather common in practical design and it can 
be formulated in various statements, for instance: 

 to provide maximum (minimum) possible value of 
interaxial distance aw for assigned values of gearing 
module m and gear ratio u (or tooth numbers for a 
pinion z1 and a gearwheel z2); 

 to obtain maximum possible transverse contact ratio 
εα, characterizing the smoothness of gear operation; 

 to achieve maximum decrease and equalizing the 
specific slidings in a gear, characterizing the risk of 
scuffing and abrasive wear. 
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Here it is important to have such a tool for solving the 
pointed tasks, which could:  

 find extreme values of one or several chosen 
(assigned) parameters and keep the other within 
definite allowable ranges or assigned values; 

 evaluate the design solution at the very early stage 
of design, that is, when assigning the initial variable 
parameters, omitting, if possible, time-consuming 
computational iterative procedures. 

The typical example 1, considered earlier, showed the 
solution of one of “extreme” tasks – the task of finding 
the maximum transverse contact ratio εα for the assigned 
interaxial distance aw. Examples, given further, show 
different solutions for other similar tasks by means of the 
CAD system “Contour”. 
Example 3. It is necessary to determine shift coefficients 
to minimize the risk of scuffing and abrasive wear, if the 
following parameters are assigned z1=30; z2=61; m=2 
mm; α=20˚; *

ah =1.0; *c =0.25; β=0˚; aw=92 mm.  
The task is solved by choosing the desired point (х1, х2) as 
intersection point of the straight line А, corresponding to 
the assigned interaxial distance, and line С of equal 
specific sliding (it is known [2], that the choice of the 
point (х1, х2) on this line actually decreases the risk of 
scuffing and abrasive wear during gear operation). 
Coordinates of the point b are: х1 = 0.330; х2 = 0.190 
(Fig.6). 
 

 
 

Fig.6. Minimization of scuffing and abrasive wear 
 
Example 4. It is necessary to choose shift coefficients, 
providing the increased contact strength of a gear with z1 
= 31; z2 = 45; m = 2.5 mm; β = 0˚ and standard basic rack 
parameters (Example 1).  
The task is reduced to determining such a position of the 
straight line х1 + х2 = хΣ within the limits of the blocking 
contour, where the coefficient хΣ is maximum. Evidently, 
the position of the straight line, shown in Fig. 7, meets 
this requirement; here хΣ = хΣmax = 2.180, and 
simultaneously aw = awmax = 99.694 mm. Fig. 7 shows, 
that the straight line А contacts the line εα = 1.2, which is 
the element of BC, in the point с. One can show [5], that 

this point is at the same time the intersection point of the 
line εα = 1.2 (line 1 in Fig. 7) and the line of maximum 
smoothness (line В). In the point с shift coefficients are х1 
= 0.760, х2 = 1.420.  
 

 
 

Fig.7. Increased contact strength of gear 
 
Example 5. It is necessary to find values х1 and х2 
providing the minimum interaxial distance of aw for initial 
data of the example 4. 
The view of BC is shown in Fig. 8. Obviously, the sought 
point d is the intersection of restricting lines according to 
interference for the pinion (line 6) and gearwheel (line 7). 
At this point х1 = –0.385; х2 = –0.272; хΣ = –0.657; aw = 
93.223 mm. This interaxial distance is indeed the 
minimum possible one for the given gear, since if it is 
decreased, the line х1 + х2 = хΣ, (as it is seen from the 
Figure) will be completely outside the blocking contour 
(below it), and if the point (х1, х2) is chosen on such a 
line, the risk of tooth interference appears, which can 
cause jamming of the gear during its operation. 
 

 
 

Fig.8. Minimum center distance aw 
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Example 6. When designing a gear with minimum value 
of aw, certain previously considered limitations can be 
additionally imposed on the choice of shift coefficients. 
For example, in order to increase gear resistance to 
scuffing and abrasive wear, the point can be chosen  (х1, 
х2) (Fig. 9, point e) as intersection of a line, restricting the 
BC from below (line 6 of restricting the pinion 
interference in Fig. 9) with the line of equal specific 
slidings (Fig. 9, line С). In this case we have: х1 = –0.079; 
х2 = –0.450; хΣ = –0.529; aw = 93.595 mm. At the same 
time aw turns to be a little greater, than in the previous 
example. For better visualization Fig. 9 shows also the 
line А, corresponding to this value of the interaxial 
distance. 

 

 
 

Fig.9. Minimum value of interaxial distance 
to decrease scuffing 

 
5. CONCLUSION 
 
Method of spur and helical gear design on basis of 
blocking contours gives possibility to supplement the 
process of computer-aided design with a whole number of 
new aspects, which enrich essentially the design process 
and allow increasing the quality of gears under design. 
Practically implemented developed concept and 
corresponding program system [3, 4, 5] find an active 
application in industrial design of involute spur and 
helical gears. Described approaches and concepts are of a 
certain theoretical importance. In fact, they can be applied 
to develop a new method on their basis, that is, an 
optimization design of gears. Thanks to the system 
“Contour” not only parameters of the gear to be designed 
can be optimized here, but also the design procedure itself 
by increasing its efficiency. Such an approach can be 
spread over other types of gears, different from spur and 
helical, and very likely over other engineering objects. 
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Abstract: It was found out that reliability of multi-
operation technological processes can be enhanced by 
choosing requirements to quality parameters during 
intermediate operations using. A procedure of designing 
technological processes with regard to the technological 
heredity of machine parts quality parameters is 
described.   
 
Keywords: quality control; reliability of technological 
process; operation-to-operation variation; optimization 
of machining route; optimization of quality requirements.  
 
 
1. INTRODUCTION 
 
The problem of quality control, i.e. meeting the quality 
requirements, can be solved by various methods. The less 
expensive one is the method of designing technological 
processes (TP) of machine parts by taking account of the 
rules by which characteristics of a part′s are formed and 
vary in different processing steps. In this way, the 
technological process reliability can be increased without 
purchase of new equipment and machining attachments to 
realize this process. The advantage of this approach is: 
this process can maintain a required quality and stability 
of processing. 
 
2. THEORETICAL FOUNDATIONS 
 
We have developed a design method for a multi-operation 
TP, which minimizes the probability of these conditions 
[1-3]. This approach is most acceptable for the TP in 
which the quality parameters are inherited in sequential 
processing operations. In such cases the process of 
operation-to-operation variations in these values is steady, 
so can be modeled and controlled.  
In the first stage of this approach, the machining route is 
chosen for a part so as to guarantee the required values of 

its quality parameters. This aim can be achieved because 
the real possibilities of each operation to vary the product 
quality parameter (parameters) can be taken into 
consideration. 
A criterion for choosing such a route observes the 
following condition: 

∏≤
=

m

1i
i.v.v.g KK ,          (1) 

where 
.v.gK  is a general coefficient of variation in the 

quality parameter during TP; i.vK  is the coefficient of 
variation in this parameter in the i-th operation.  
The coefficients in Eq. (1) can be determined using the 
following formulas: .v.gK  = δbl /δserv (where δbl  is the 

tolerance for a given blank quality parameter; δserv  is the 
service tolerance for this parameter in the finished part 
drawing), and i.vK  = δ(i–1) / δi (where δ(i–1) and δi are 
tolerances for this quality parameter in the preceding (i – 
1)-th and present (i-th) operations which can be provided 
for by the machining methods under consideration). 
Values of i.vK  for this type of products and production 
process must be found experimentally. The tabled data of 
technological potentialities of various machining methods 
can be used in processing most common surfaces [4]. 
In the second stage of the procedure in question, the 
requirements to product quality indices are determined at 
intermediate steps of production. The variation mode of 
the quality index and variability of its values in the course 
of each step realization are taken into account. This 
procedure is done starting with the final operation of TP. 
The computations and requirements to quality indices 
were determined for all intermediate operations, as well 
as for the blank indices. A schematic diagram of such 
computations is shown in Figure 1; the procedure has 
been described in more detail elsewhere [1]. 

 
 

Fig.1. A schematic diagram for finding permissible  
values of part accuracy parameters in the  

preceding step of machining: х – parameter value 
 before machining, у – after machining; хperm min and  
хperm max  – minimum and maximum permissible values 

 of х, respectively; уperm – permissible value of у;  
х1 and х2 – variation limits for х-value for which  
у = f(x) (curve 1) has been found experimentally;  

1 and 2 – empirical and theoretical curves  
of regression, respectively;  

3 and 4 – confidence limits for curve 2. 
 
The results of experimental investigation in step-to-step 
variation of the product quality indices serve as the initial 
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data for the second stage. Such investigations performed 
by M.M. Kane on spur gears (SG), of 2-5 mm modules, 
have covered about 90% of standard-sized parts and a 
wide range of processing modes. 
The results of those investigations on accuracy indices of 
teeth and base surface of SG are given below. The 
recommendations of how to choose the requirements to 
tooth accuracy and base surfaces of SG at intermediate 
steps of their processing have been obtained using the 
proposed procedure [1] and can be found elsewhere [5]. 
It seems reasonable to conduct similar studies on other 
important and intricate parts (step-shaped shafts, spindles, 
frames and motion screws of machine-tools, bearing 
parts, hydro- and pneumatic equipment, housing parts of 
transmission in machine-tools and other machines units) 
which are subjected to multi-operation TP. 
As a result, the quality of both the development of TP for 
such parts and that of the parts themselves can be 
enhanced. 
 
3. EXPERIMENTS AND RESULTS  
 
To solve the problem of mathematical modeling for 
development and obtaining accuracy variation parameters 
of spur gears during manufacture, we have been 
conducted the experiments to study operation-to-
operation variations in eleven accuracy indices of SG 
teeth, and five accuracy indices of SG base surfaces, as 
applied to tractors, automobiles and metal-cutting 
machine-tools (SG modules m = 2÷5 mm; tooth number = 
23÷51; material: carbon steels as well as low alloyed 
steels of Grades GOST 4543-71*) Ст45, 40Х, 25XГT, 
20Х2Н4А, 18ХГТ, etc.) after eight steps of tooth 
machining and 11 steps of base surface machining under 
laboratory and production conditions. 
The following technological processes have been 
considered: hobbing by worm hobs; shaving – using fixed 
and expanding mandrels; chemical heat treatment (CHT) 
– carburizing and nitro carburizing in muffle-free units; 
tooth generating; gear honing, gear grinding with cone 
and worm wheels; working of the mounting bore 
including drilling; core drilling; single and double 
drawing; burnishing; bead blasting; CHT; rough-, semi-
finish and finish turning; as well as CHT and grinding of 
gear rim faces. 
In the course of investigation, 65 batches of SG have been 
tested under production conditions and 15 batches under 
laboratory conditions; each batch consisted of N = 
50÷100 pieces. About 90% of standard-sized SG 

                                                 
*) Chemical composition (%) for carbon and low-alloid 
steels (Steel Grade in Russian): Ст 45 (C – 0.42÷0.50; Si 
– 0.17÷0.37; Mn – 0.5÷0.8; Cr – 0.25; P ≤ 0.035; S ≤ 
0.04; Ni,Cu < 0.3; 40X (C – 0.36÷0.44, Si – 0.17÷0.37; 
Mn – 0.5708, Cr – 0.8÷1.1; P, S ≤ 0.035; Ni, Cu – 0.3); 
25XГТ (C – 0.22÷0.029; Si – 0.17÷0.37; Mn – 0.8÷1.1; 
Cr – 1.0÷1.3; P, S, Ti ≤ 0.035; Ni, Cu ≤ 0.3); 20X2H4A 
(C – 0.16÷0.22; Si ≤ 0.025; Mn – 0.3÷0.6; Cr – 
1.25÷1.65; Ni – 4÷4.4; P, S ≤ 0.025); 18ХГТ (C – 
0.17÷0.23; Si – 0.17÷0.37; Mn – 0.8÷1.1; Cr – 1.0÷1.3; P, 
S, Ti ≤ 0.035; Cu, Ni ≤ 0.3) 

produced at tractor-and-automobile plants, as well as 
machine-tool ones, of Belarus. 
The experimental data processing has revealed that it is 
helpful to use the regression-correlation analysis in 
modeling operation-to-operation variations in SG-
accuracy parameters using the previous results. To do this 
the laws of accuracy parameter distribution 192 
distribution patterns were studied. Besides, the variation 
in kinematic accuracy indices of SG tooth machined by 
different methods [4] was subjected to phase analysis.  
It was proved that technological heredity is true for most 
of accuracy parameters of SG and their machining types 
because rxy > 0,273; В > 10%, where rxy is the double 
correlation factor between the values of the given 
parameter before (х) and after (у) of the operation under 
consideration; В is a part of у-dispersion transferred from 
the previous operation. 
The analysis of the present (and some previous) studies 
have lead to a conclusion that the relationship у = f(x) can 
be described by polynomials of the 1st or 2nd degree: 

у = a + bx;        (2) 

у = с + dx + ex2,        (3) 

where a, b, с, d and e are constants. 
To choose the type of relationship for describing the 
dependencies studied and possible a number of factors 
characterizing the agreement between each of theoretical 
dependencies and empirical data were determined in 
addition to calculated coefficients in Eqs. (1) and (2). The 
remaining sum of squares, Fischer’s criterion F of model 
adequacy and mean relative error εm in the equation of 
constraints were taken as the model adequacy 
characteristics. The confidence of coefficients in Eqs. 
(10) and (11) was estimated using Student criterion. 
 
Table 1. Coefficients of SG quality parameters variation 
Kv.i in i-th operations. SG material – 25ХГТ steel [6].  
 

SG quality parameters Operation 
Fir

// Frr Fvwr fir
// Fβr Ra H σ1 σ2

Hobbing by worm 
hob- shaving on fixed 
mandrel 

1.5 2.1 0.8 2.6 3.1 1.8 1.3 -2.2 1.6

Shaving- 
CHT(nitrocarburising) 0.7 0.64 0.8 0.7 0.870.870.130.320.23

CHT- gear honing 1.16 - - 1.171.121.511.181.651.32

CHT- gear rolling 1.28 - - 1.3 1.071.370.940.970.96

CHT- gear grinding:  

With cone wheel 3.6 - - 3.3 2.9 2.9 0.85-0.9 1.3

With worm wheel 4.8 - - 7.5 4.3 2.5 0.90-0.90.95
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Notes: 1. Fir
//, Frr, Fvwr, fir

//, Fβr – teeth accuracy indices by 
GOST 1643-81; 2. Ra, H, σ1, σ2- teeth surface quality 
parameters (Ra – roughness parameter, H- teeth surface 
microhardness; σ1,σ2 – residual stresses on the teeth 
surfaces of I and II kinds. 
 
The analysis of the results obtained has shown that the 
processes of operation-to-operation variations in TP and 
SG accuracy parameters can be described by the 1st 
degree polynomial (1) (F < 1.65; εср < 30%) to 95% or a 
higher confidence. 
The technological heredity present in SG manufacture 
and modeling of their accuracy parameter variations 
make possible to efficiently control TP and ensure the 
required precision of SG by means of rational selection of 
the technological route and SG precision requirements to 
intermediate operations, with account of the main laws by 
which the parameters mentioned vary at SG machining. 
The results of research of the main quality parameters 
changes at SG manufacture are presented in the Table 1.  
 
4. DESIGNING AND ADJUSTMENT OF 

TECHNOLOGICAL PROCESS  
 
The TP design procedure for making SG of required 
accuracy along with corresponding recommendations are 
based on above research results which were used in the 
National Standard of Belarus [5]. The requirements of 
this Standard are only advisable. The Standard covers the 
fixed involute spur gears and gear-shafts of m = 3,0÷6,3 
mm and reference diameter up to 400 mm; accuracy of 
5th-12th degrees in accordance with GOST 1643-81; 
structural versions of SG are not indicated.  
The present document is the first attempt to standardize 
technological design in general and designing a SG 
production process in particular. The task is to promote 
TP development and enhance quality of SG processing to 
increase reliability of these processes in ensuring required 
accuracy of SG. 
In accordance with work [5], TP designing for SG 
making follows the next order: i) selection of a 
technological route; ii) selection of accuracy requirements 
for SG teeth in intermediate processing operations; iii) 
selection of precision requirements to SG base surfaces in 
tooth cutting, and tooth cutting regime; iv) selection of 
processing route for SG base surfaces; v) selection of 
requirements to base surface precision in intermediate 
processing operations. 
All named tasks are interconnected; the results of the 
preceding task solution serve as the initial data for the 
following task. The SG model and equipments are taken 
into consideration in solving all the tasks.  
When adjusting a designed TP, it is necessary for 
processing a pilot batch of gears (N ≥ 50 pieces) to 
elucidate the technological route, requirements to SG 
accuracy in different operations and cutting regimes in 
view of the real processing conditions. Other techniques 
and recommendations can be employed as well [1, 7, 8], 
which, as experience shows, can improve SG accuracy by 
20-40%; reduce reject losses by 30-50%; and cut cost of 
SG intermediate processing operations by 10-15%. 

5. CONCLUSIONS 
 
1. The proposed model technique for TP designing can 

enhance TP reliability in reference to the quality 
parameters by taking into consideration the 
phenomena of operation-to-operation heredity in 
product quality parameters. 

2. A high efficiency of designing TP for making machine 
parts has been illustrated by SG manufacture where 
variation laws of the quality parameter in an 
operation-to-operation mode, as well as quality 
parameter development in earlier processing 
operations, have been accounted for. 
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MIDDLE WEB DEFORMATION OF THIN-

RIMMED GEAR 
 

Gordana MARUNIĆ 
 

 
Abstract: The paper presents the 3D FEM research into 
middle web deformations belonging to involute spur thin-
rimmed gear mating with a solid one. The web 
deformations expressed by the displacements were 
presented in a non-dimensional form, and the impact of 
the rim and web thickness was examined for the adopted 
face width of thin-rimmed gear. 
The analysis of the obtained results has enabled 
additional insight into the deformation of gear body 
components that effect the tooth deflection.  
 
Key words: web deformation, thin-rimmed gear, finite 
element analysis 
 
 
1. INTRODUCTION 
 
The assessment of gear tooth deformation has been 
researched intensively and analytical methods provided 
with satisfying results that have been relevant until today 
[1, 2, 3]. 
The total tooth deflection at the point of contact arises 
from the combined effects of basic deflection tooth, the 
tooth deflection caused by the fillet and foundation, and 
local deformation caused by the contact between mating 
teeth [2]. The mentioned tooth deflection by exception of 
local contact deformation, results from the tooth body 
bending and shear about an axial line at the root radius, 
tooth body dishing about a radial line in the mode of 
cantilevered plate, root translation and sinking 
(tangentially and radially), and other deflections due to 
rim flexibility [5].  
Analytical expression for the gear fillet and foundation 
deflection is based upon the theory of Muskhelishvili [6] 
and given in [7, 8].  
The FEM (Finite Element Method) has become 
predominant method for accurate and efficient 
investigation into a gear teeth stress and deformation [9, 
10, 11].  
The results of analytical expressions have been often 
compared with FEM analyses to find the level of 
agreement, and   new, less demanding numerical methods 

and improved analytical expressions have been proposed 
[5, 12, 13].  
The investigations based upon analytical and/or numerical 
methods have been sometimes combined by experiments 
[3, 14].  
For the deformation analysis when gear body consists of a 
thin rim connected to hub by a web, it is necessary to gain 
much more information to accomplish the insight into the 
modus of the loaded tooth deformation and deflection. 
Therefore, it means more information about deformation 
of gear body components, based upon proper and accurate 
gear geometrical and numerical model. 
The researches that have been undertaken for the gear 
deformation and analysis don’t rely upon the common 
accepted methodology. The differences among the results 
arise mainly from the modus the load distribution along 
the tooth face and the contact between the teeth is 
modelled.  
The effects of web thickness, rib and maldistribution of 
loads along the face width on the root stress distributions 
and tooth deflections were clarified [15] by use of 3D 
FEM. The influence of gear body on the gear load-
carrying capacity by including gear stresses and 
deformations were investigated for various gear structures 
based on the developed 2D FEM calculation method [16]. 
Based upon the results of numerous FEM analyses of gear 
teeth and by the application of moment image method, a 
single gear model was developed that computes the 
deflection of the teeth base of wide face width gear [17]. 
For the 3D FEM modelling and analysis of static 
transmission error, the effect of whole wheel body 
deformation and the interactions between adjacent loaded 
teeth were considered [18].  
The gear’s deformations and stresses at every part of thin-
rimmed gear with offset web were analysed in detail [19]. 
By use of 3D FEM it was found that the rim and web 
share about 70% deformations in total deformations of the 
thin-rimmed gear, and the gear tooth shares only 30%. 
As the research into elastic gear tooth deformation finds 
its importance from numerous aspects of successful gear 
design [4] it would be useful to gain the insight into the 
coupling gear rim and web effects on web deformation for 
the case of thin-rimmed gear with middle web. 
 
2. 3D FEM MODEL OF GEAR PAIR 
 
The model of a solid pinion and thin-rimmed wheel with 
middle web that have equal geometrical tooth   
parameters was established in the meshing position at the 
outer point of single pair tooth contact (Fig. 1). The thin-
rimmed wheel is modelled as a whole, with three teeth 
above the ring that has enlarged thickness in order to 
compensate the omitted teeth. The pinion is performed as 
a segment with three teeth. 
The adopted gear face width is b=10m (m – module, mm), 
that embraces the effect of a gear three–dimensionality. 
The wheel parameters that are changed during the 
calculations, are the rim thickness sR (sR/ht = 0,44 and 
1,33; ht – tooth height, mm), and the web thickness bs 
(bs/b = 0,1and 0,4; b – face width, mm). The adopted 
range of the rim thickness slightly overcomes lower  and 
upper limits proposed by the standard ISO [20] 
determining the thin-rimmed gear (1,2  > sR/ht  > 0,5). 
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Fig.1. 3D FEM model (one half) of a solid pinion and 
thin-rimmed wheel meshed at the outer point of single 

pair tooth contact  
 
For the 3D FEM calculation commercial CAD software 
was utilised. There were developed numerical pinion-
wheel models with the adopted boundary conditions 
(constraints, loading, contact simulation) that enable to 
take   into  account   actual   wheel  deformation and  load 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 

Fig.2. The web displacements in the area where maximum 
web displacements occur for the gear body with the 

adopted maximum (sR/ht=0,44; bs/b= 0,1) and minimum 
(sR/ht=1,33; bs/b= 0,4) flexibility 

 
 

 
 

 
 
 
 

Fig.3. The distribution of dimensionless web 
displacements δw/δmax circumferentially and in radial 

direction for the thicker rim (sR/ht=1,33), and the thinner 
(bs/b=0,1) and thicker (bs/b=0,4) web 

 
 

 
 
 
 
 

 
 
 

Fig.4. The distribution of dimensionless web 
displacements δw/δmax circumferentially and in radial 

direction for the thinner rim (sR/ht=0,44), and the thinner 
(bs/b=0,1) and thicker (bs/b=0,4) web 
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distribution along the tooth. Due to the symmetry of 
geometry and loading, one half of geometrical model is 
utilised being the other half taken into account by the 
corresponding boundary conditions. 
As the whole wheel is utilized for the calculations, it is 
enabled the displacement distribution for entire rim and 
web. In this paper the analysis is focused on maximum 
web deformation. 
The web deformations are determined at the web surface 
and expressed by the magnitude of 3D displacements δw 
that are made dimensionless by dividing them with 
maximum wheel displacement δmax, i.e. δw/δmax. The 
distribution of displacements is obtained in radial 
direction along the web by following three radial 
positions going from the hub towards the rim. As regard 
circumferential direction, the positions are expressed by 
the angle ϕ measured from the centerline of the loaded 
tooth going towards its compressive side, as indicated in 
Fig. 1. 
The web displacements obtained by FEM analysis are 
presented by arrow plot in Fig. 2. The area where 
maximum web displacements occur is separated for the 
gear body with the adopted maximum (sR/ht=0,44; bs/b= 
0,1) and minimum (sR/ht=1,33; bs/b=0,4) flexibility 
resulting from the combined rim and web thickness. 
 
3. RESULTS AND DISSCUSSION  
 
Fig. 3 and 4 show circumferential distribution of 
dimensionless web displacements δw/δmax by use of the 
angle ϕ and in radial direction going from the hub 
towards the rim. The areas of maximum web 
displacements that appear near the rim are more expressed 
when the gear body rigidity is augmented by the thicker 
web, regardless of rim thickness.  
 

              
 
 
Fig.5. The relation between maximum dimensionless web 

displacement in radial direction and the rim and web 
thickness 

  
Maximum displacements circumferential position mostly 
occurs as corresponding to the range from the center of 
the tooth adjacent to the loaded tooth compressive side, to 
its next bottom.  

Fig. 5 shows the values of maximum dimensionless web 
displacements (δw/δmax)max regardless of their 
circumferential position.  When going from the hub 
towards the rim, maximum web displacements increase 
and as can be expected the   increment is more expressed 
for  the   thinner rim when  the  web thickness influence is 
also significant and differs (Fig. 5).  

Maximum web displacements are always greater for the 
thinner rim regardless of the web thickness. In relation to 
the same reference (radial position) near the hub, 
maximum web displacement near the rim increases for the 
thicker rim regardless of the web thickness, about three 
times. For the thinner rim the displacement increases 
about seven times for the thinner web and about ten times 
for the thicker one.  
The increment of maximum web displacement near the 
rim for the thinner web is less sensitive related to the 
decreasing of rim thickness, than in the case of the thicker 
web. 
The gear maximum displacement is approached mostly in 
the case of the thinner rim and web when maximum web 
displacement takes about 26% of maximum gear 
displacement. 
The results based upon 3D FEM analysis of rim 
displacements for thin-rimmed gear with middle web of 
equal geometry and loading [21] showed that maximum 
rim displacement approaches maximum gear 
displacement mostly in the case of the thinner rim and 
web, when it takes about 44% of maximum gear 
displacement. It is obvious that the displacements of the 
rim are considerably greater in relation to the web 
displacements, but the web displacements are not 
neglectable. 
The    thicker    rim   under   consideration   exceeds    the 
proposed upper limit for the rim thickness of the standard 
ISO. In spite of this, the research results indicated that the 
web displacement takes about 17 % of maximum gear 
displacement for the thinner web, as the decreasing of 
web thickness causes the increment of maximum web 
displacements. 
The parts of a gear body and their combined influence on 
gear deformation and consequently the contribution of 
complex teeth foundation to overall tooth deformation, 
have to be carefully analyzed and the results considered 
from the case to case. 
 
4. CONCLUSION 
 
Based on the obtained results the conclusions about web 
deformations are as follows. 
The areas of maximum web displacements near the gear 
rim are more expressed when the gear body rigidity is 
augmented by the thicker web, regardless of the rim 
thickness. The position of these areas circumferentially 
corresponds to the position from the center of the tooth 
adjacent to the loaded tooth compressive side, to its next 
bottom. 
The variation of maximum web displacement considering 
the increment of displacement is the greatest and 
approximately equal for the thicker rim when the web 
thickness diminishes and for thicker web when the rim 
thickness diminishes. 
The gear maximum displacement is approached mostly in 
the case of the thinner rim and web when maximum web 
displacement takes about 26% of maximum gear 
displacement. 
The comparison of maximum rim and web displacements 
shows that rim deforms considerably more than the web 
and   the   rim  displacement  for  the thinner rim and web 
takes about 44% of maximum gear displacement.  
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The analysis of maximum web displacements for the rim 
thickness greater than the thickness proposed by the 
standard ISO for thin-rimmed gear indicated that web 
displacement takes about 17% of maximum gear 
displacement. This result additionally spurred to the 
necessity of approach that fully respects the actual gear 
structure and the contribution of every part that the gear 
teeth are supported by. 
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SHAPING OF GRINDING WORM  

FOR MACHINING A CYLINDRICAL 
INVOLUTE HELICAL GEAR 

 
Vladimir MEDVEDEV 
Аndrey VOLKOV 

 
 
Abstract: The process of involute helical gear grinding is 
considered. Worm dressing is usually carried out by 
means of two diamond cones and diamond disk with 
formed active surface. For each gear module special disk 
is required. In the paper a process of worm shaping by 
two cones only is examined. Algorithm and computer 
code for determination of machine-tool settings for worm 
dressing and gear grinding as well as for construction of 
worm thread and gear tooth surfaces are developed. It is 
shown that for manufacturing of gears with normal 
profile angle 20° the set of diamond disks of profile 
angles 21°, 22°, 23°, 24°, 25°, 26° is sufficient. 
 
Key words: helical gears, grinding, worm shaping 
 
1. INTRODUCTION 
 
Helical gear teeth are usually processed by a worm mill. 
To obtain involute helical tooth surface the mill cutting 
edges are to be located on involute worm surface. Similar 
mills are seldom applied in practice in a view of 
complexity of cutting edge sharpening. The wide 
circulation was received by mills with cutting edges on 
the surface of the Archimedean worm. The gears 
processed in such a way aren’t strictly involute. The 
grinding disc has no cutting edges; therefore, with its help 
the tooth which surface is theoretically exact involute 
helicoid can be processed. 
It is proposed that a CNC multiple spindle grinder is used 
for both technological operations: involute worm dressing 
and gear teeth grinding.  
Worm dressing is usually carried out by means of two 
diamond cones and diamond disk with formed active 
surface (Fig.1). The tools are mounted on a roll. Each 
cone generates a side of a worm thread surface. Cone 
angle αс is equal to gear pressure angle αp Disk is used 
for rounding a worm thread tip. Due to thread tip 
rounding an increase of tooth fillet curve radius of 
curvature and consequently increase of bending strength 

is achieved. The difference of cone radius R and the disc 
radius Rw is to be equal to R - Rw = h - c, where h is the 
tooth height and c is the clearance. Even in case the gear 
design is based on standard generating rack cutter and 
Long-Short Addendum system, for each module the 
special abrasive disk is required. 
The goal of the paper is to examine process of worm 
shaping by two cones (Fig.2) only. Three algorithms are 
proposed: 
(a)  The algorithm for computing of machine-tool settings 
in the process of abrasive worm generation and gear 
processing 
(b)  The algorithm for axial section of the worm thread 
construction and displaying 
(c)  The algorithm for construction and displaying of gear 
tooth spacing. 
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2. ABRASIVE WORM GENERATION 
 
The axial section of the tool, intended for dressing of 
abrasive worm with which gear processing is made, is 
shown on Fig.2. The tool surface consists of cylindrical 
surface (of the length b and radius Rc) and cone surface. 
The cone surface generatrix forms the angle αс with the 
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plane normal to the tool axis of revolution. Worm axis of 
revolution is parallel to tool axis. In the process of 
dressing, the tool moves along its axis and the worm 
rotates. The worm thread surface consists of two parts: 
involute helicoid [1] and fillet surface. The fillet surface is 
formed by diamond cone tip edge. 
 
3. GENETATION OF GEAR  
 
Input data for computing of machine-tool settings are: 

 number z2 of gear teeth; 
 normal pitch mn; 
 gear pressure angle αp n; 
 lead angle λp2 on the gear pitch cylinder; 
 coefficient fa of rack cutter addendum; 
 clearance coefficient c*; 
 coefficient xn of the rack cutter displacement; 
 coefficient xτ of gear tooth thickness; 
 outer diameter De of the worm; 
 hands h1 and h2 of worm and gear spiral (1 – right,  
1 – left); 

 number z1 of worm threads; 
 angle αс of diamond cone; 
 diamond cone diameter D; 
 number of worm turns per second; 
 velocity v of feed. 

Relative position and movement of worm and gear 
operating pitch cylinders are shown in Fig.3. Index “1” 
defines worm quantities, index “2” – gear quantities, 
indexes. Indexes ”p” and ”op” are abbreviations of 
“pitch” and “operating pitch”. The cylinders touch each 
other in the point P, which is on the common normal to 
crossed axes z1, z2 of worm and gear revolution. The 
worm rotates around z1 axis, ω1 is its angular velocity. 
The worm axis of revolution is in translation motion in 
the plane parallel to the axis z2 (feed motion). The 
velocity of feed motion is v. In the course of processing 
the distance 
 

A=Ro1+Ro2         (1) 
 

between worm and gear axis doesn’t change. 
Let’s assume that in the absence of feed, the worm and 
the gear are in mesh. Therefore, the relation of worm 
angular velocity to gear angular velocity is equal to 
relation of gear teeth number to worm thread numbers 
 

u21=ω1 /ω02=z2 /z1                               (2) 
 

Relation (2) is valid if a spur gear is processing. A helical 
gear it must have an extra velocity at generating  
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Computing of machine tool settings consists of two 
stages. 
  Stage 1. The decision of system  
 

F1(Ro1, Ro2) = Ro1+Ro2 - (Rp2+Re1-hf2)=0;    (4) 
 

F2(Ro1, Ro2) = αon1(Ro1,Ro2)-αon2(Ro1,Ro2)=0    (5) 
 

of two equations concerning unknown worm and gear 
operating pitch radii Ro1 and Ro2.  
The sum of the first two terms and the sum of two terms 

in brackets in (4) is the distance between worm and gear 
axes. Equality (4) performance provides demanded depth 
of gear tooth space. Gear pitch radius and gear addendum 
are 
 

Rp2 = mnz2 /2/sinλp2,    hf2 = mn(fa+c*-xn).    (6) 
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Fig.3. Worm and gear location and movement 
 
Equation (4) is the condition of equality of worm (αon1) 
and gear (αon2) operating pitch normal profile angles. 
System (4)–(5) is solved using Newton technique [2]. 
Derivatives of the functions F1(Ro1, Ro2) and F2(Ro1, Ro2) 
with respect to variables Ro1 and Ro2 are obtained using 
central finite difference relations of the second order of 
accuracy. Calculation of function αon2(Ro1,Ro2) at current 
values of arguments Ro1,Ro2 is made as follows: 
 

αpt2=arctg(sinαpn2/cosαpn2/sinλp2) 
 

λo2=arctg(Rp2sinλp2/Ro2/cosλp2) 
 

αot2=arcos(Rp2 /Ro2 cosαpt2), 
 

αon2=arctg(sinλo2 sinαot2 /cosαot2). 
 

where λo2 is the lead angle on operating pitch cylinder; 
αpt2 and αot2 are transverse profile angles on pitch and 
operating pitch cylinders, respectively. 
Gear operating pitch normal profile angle αon1(Ro1,Ro2) is 
obtained using relations  
 

λo1=arcsin[(z1/z2)(R02/R01)sinλ02], 
 

αot1=arcos(tanλo1cotαc), 
 

αon1=arctg(sinλo1sinαot1/cosαot1); 
 

where λo1 is the worm lead thread angle on operating 
pitch cylinder, αot1 is the worm operating pitch transverse 
profile angle. 

Stage 2. The following parameters of the worm 
generation process are computed: 

 the shortest center distance A0 in the process of worm 
dressing (it is proposed that there is a clearance between 
tip of gear tooth and worm thread bottom land) 
 

A0=(D+De)/2 - (fa+c*)mn; 
 

 gear pitch cylinder lead angle  
 

λo2=arctg((Rp2/Ro2)(sinλp2/cosλp2); 
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 worm pitch cylinder lead angle and worm feed 
velocity with respect to diamond cone 
 

λo1=arcsin(z1/z2 sinλ02/cosλo2,     v0=2πRo1 tanλo1; 
 

 distance between worm and gear axes in the course of 
gear processing is obtained using (1); 

 shaft angle in the course of gear processing 
 

γ = π(2+h1+h2)/2 - h1λo1 - h2λo2 
 

is an angle between vectors of worm and gear angular 
velocities, counted counter-clockwise. 

 maximum possible length of diamond tool cylinder is 
obtained as follows: 
 

Spn2 = mn (π /2+2xn sinαpn2 /cosαpn2+xτ ) 
 

 normal circular pitch tooth thickness; 
 

Spt2 = Spn2 / sinλp2; 
 

 transverse circular pitch tooth thickness; 
 

Sot2=R02[ Spt2  / Rp2 – 2( inv αot2 – inv αpt2), 
 

 transverse circular operation pitch tooth thickness; 
 

Son2 = Sot2 sinλ02; 
 

 normal circular operation pitch tooth thickness; 
 

Won1=Son2; 
 

 worm thread normal spacing width; 
 

Woa1=Won1 / cos λ01; 
 

- worm thread axial spacing width; 
 

Soa1=2πp1/z1-Woa1 
 

 worm thread axial thickness on operating pitch 
celinder; 
 

d= D tgαc - S*
oa1+ Soa1, 

 

 distance between the bases of cones that process 
opposite sides of gear tooth; 
 

bmax=2πp1/z1 -d; 
 

 the maximum possible length of diamond tool 
cylinder. 
The length of cylindrical part of the diamond tool must 
belong to interval 
 

bmax  /2 < b< bmax. 
 

The distance between bases of diamond cones may be any 
member of the following row 
 

dri=d+i 2πp1                         (i=0, 1, 2, …) 
 

4. THE ALGORITHM FOR CONSTRUCTING 
AND DISPLAYING OF GEAR TOOTH 
SPACING 

 
Let in a coordinate system О2x2y2z2 that is moving 
together with a gear blank the two parameter family of 
surfaces  
 

R2= R2(α, ζ, ϕ1, s)                               (7) 
 

is defined (Fig.4). Here R2 is radius-vector of current 
surface point. The parameters ϕ1 , s define a member of 

the family and parameters α, ζ define a point of the 
member of the family.  
We designate with N2 the vector normal to some member 
of family in current point of surface. The two-parameter 
envelope of family (7) is the surface defined by the 
following equations 
 

R2= R2(α, ζ, ϕ1, s); 
 

(N2,∂R2/∂ϕ1)=0; 
 

(N2,∂R2/∂s)=0. 
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Fig.4. Applied coordinate systems 
 
The problem is to construct the section of envelope by 
plane z2=0. The section is defined by two functions 
 

x2=x2(r), y2=y2(r),       (8) 
 

where r=(x2
2+y2

2)1/2. Coordinate axis z2 is directed along 
the vector of gear angular velocity, the axes x2 and y2 are 
in radial section of gear. The table of functions x2=x2(r), 
y2=y2(r) is formed by solving the system of four equations 
 

f1(α, ζ, ϕ1, s) = x2
2+y2

2-r2=0; 
 

f2(α, ζ, ϕ1, s) =(N2, ∂R2/∂ϕ1)=0; 
 

f3(α, ζ, ϕ1, s) = (N2, ∂R2/∂s)=0; 
 

f4(α, ζ, ϕ1, s) =z2=0       (9) 
 

with respect to unknowns α, ζ, ϕ1, s. 
The family considered is generated by screw movement 
of rigid body with helical involute surface that is defined 
in coordinate system О1x1y1z1 (Fig.4) rigidly connected 
with the worm as follows 
 

x1(α,ζ)= - ρ(α) cos(θ(α)-θ0+ζ); 
 

y1(α,ζ)= - ρ(α) sin(θ(α)-θ0+ζ); 
 

z1(ζ)=p1ζ.      (10) 
 

The z1 axis is directed along the helical surface axis. The 
surface (10) is formed by screw motion of an involute 
laying in plane O1x1y1. The x1-axis is directed to a point of 
intersection of involute with operating pitch circle of a 
worm, p1 is worm screw parameter and ζ is angle of 
revolution of involute about z1 axis with respect to its 
position in section z1=0. 
In equality (10) the following designations are accepted: 
α is current involute profile angle, ρ(α) is the distance 
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between surface point and z1 axis. The angle θ(α) in plane 
z1=0 is formed by two lines. The first line is normal from 
common point of two involute branches on axis z1. The 
second line is normal from current involute point on the 
same axis. The angle θ may be obtained using the relation 
 

θ(α)=tgα - α.                                                                (11) 
 

The angle θ0 in (11) is expressed in terms of operating 
pitch profile angle αot1 by similar to (11) relation. 
Rotation of helical surface (10) is considered in 
coordinate system O1xyz that is in translation motion only 
(Fig.4), its z axis coincides with z1 axis and x axis is 
turned around z1 axis on the angle - ϕ1. The angle ϕ1 is 
angle of helical surface (worm surface) rotation (Fig.4). 
We may represent coordinates x, y, z of any surface point 
in system O1xyz in terms of coordinates x1, y1, z1 in system 
О1x1y1z1 as follows 
 

x=x1cosϕ1-y1sinϕ1;   y=x1sinϕ1+y1cosϕ1;    z=z1. (12) 
 

We connect with a processed gear motionless coordinate 
system O′x′y′z′. The distance between origins O1 and O′ 
along x-axis,  hat has the same direction as x′ axis, is 
constant value A (shaft distance). The z′ is turned around 
x′ at angle γ (shaft angle), that is counted with respect to 
z1 axis. Besides that, the tool point O1 moves along z′ 
axes. Let s be the point O1 moving with respect to O′. The 
relation between coordinates x, y, z of any surface point in 
system О1xyz and coordinates x′, y′, z′ in system O′x′y′z′  
is 
 

x′=x+A; 
 

y′=y cosγ + z sinγ;                         
 

z′= - y sin γ +z cosγ +s.     (13) 
 

In initial position, the considered earlier system О2x2y2z2 
coincides with system O′x′y′z′. After turn of the blank 
over the angle ϕ2 around z2-axis the coordinates x2, y2, z2 
of the blank point in О2x2y2z2 system are  
 

x2 = x′ cos ϕ2 + y′ sin ϕ2; 
 

y2 = -x′ sin ϕ2 + y′ cos ϕ2; 
 

z2=z′.   `    (14) 
 

The relation between the angle ϕ2 of gear rotation and the 
angle ϕ1 of gear rotation is  
 

ϕ2=z1/z2 ϕ1 - s/p2,                                   (15) 
 

Here p2 is gear screw parameter. 
Newton technique is applied for solution of system (9). 
The left parts of these equations are computed using 
relations (10) - (15). Derivatives are calculated 
numerically. 
Using the described technique, the construction of gear 
radial section (8) in form of table is carried out. The 
construction begins from outside gear radius and 
continues until the point r = R′L that is generated by tip 
edge point of worm thread. 
Fillet surface is the surface that is formed by movement of 
worm thread tip edge. The tip edge is defined in system 
О1x1y1z1 by the following relations 
 

x1(ζ)= - Re1 cos(θ1 -θ0+ζ); 

y1(ζ)= - Re1 sin(θ1 -θ0+ζ);  
 

z1(ζ)=p1ζ.      (16) 
 

Relations (16) may be obtained by substituting in (10) of 
worm radius Re=D/2 instead of function ρ(α) and 
constant angle θ1=tg α1 - α1 (α1 is worm thread tip profile 
angle) instead of function θ(α).  
Using relations (12), (13) and (14), that define coordinate 
transformation from system О1x1y1z1 to system О2x2y2z2, 
we obtain functions of parameters ζ, ϕ1 and s that define 
family of helices in system О2x2y2z2: 
 

xc2=xc2(ζ, ϕ1,s), yc2=yc2(ζ, ϕ1,s), zc2=zc2(ζ, ϕ1,s).          (17) 
 

The equations (17) define thread tip movement relatively 
the blank. 
At fixed worm displacement s, (17) define the surface that 
is formed without worm feed motion. Radial section 
(section by plane z′с = 0) of considered surface is the 
curve that is defined by the first two relations (17) is 
constructed. The ζ and ϕ1 parameters of points of fillet 
surface radial section are to related as follows 
 

z′=Re sinγ sinτ+p1ζ cos γ=0,   (18) 
 

where  
 

τ = θ1 - θ0+ζ+ϕ1.     (19) 
 

One can see considering relations (10), (12) and (13) that 
coordinates x′, y′ and z′ of worm thread tip spiral depends 
not on ϕ1 but on τ.  
Our goal is to construct fillet curve in parametric form 
 

xc2=xc2(r); yc2=yc2(r).    (20) 
 

The table of functions (20) is constructed by solving 
equation 
 

Fi(ζi)=[x′(ζi)]2 + [y′(ζi)]2 –ri
2 =0   (21) 

 

with respect of ζi for a set of radii ri. 
After that the values of ϕ1 are obtained using (18) and 
(19). Values of functions (20) are computed using 
relations (10) – (16). 
Among the points xc2i=xc2(ri); yc2i=yc2i(ri) that corresponds 
the different s but equal ri , the least remote from tooth 
axis of symmetry are selected. These points are the points 
of fillet curve. 
Finally radius RI of the point in which the involute 
borders on fillet curve is estimated. 
 
5. SELECTION OF TOOLS 
 
We will consider process of manufacturing of gears with 
design parameters in following ranges: 
 

0 ≤ βp ≤ 45°; 2 mm ≤ mn ≤ 10 mm; 8 ≤ z ≤ 100. 
 

Numerous examples show that diameter D of diamond 
cone does not influence worm geometry. The diameter is 
defined by cutting and design conditions. From the point 
of view of geometrical calculations, to which we will be 
limited in the present work, it should considerably exceed 
the double height of worm thread only. Cones of one and 
the same diameter, for example 100 mm, can be used at 
processing of all the treated gears. 
If the radial section of diamond tool has no rounding and 
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the cone angle αc is equal to gear pitch profile angle αpn , 
the rounding of gear tooth fillet is usually small. As an 
example in Fig.5 the section of spacing between gear 
teeth is shown. The gear is determined by the following 
design parameters: z2=100; αpn=20°; xn=0.8; fa=1.0. For 
dressing of an abrasive worm the cone of a profile angle 
αc=20° is used. 
The increase in a corner profile angle leads to increase in 
curvature of gear tooth fillet. In Fig.6 the spacing between 
teeth of the same gear as in Fig.5, but cone profile angle 
αc is 25°.  
 

 
 

Fig.5. Spacing in case αc=αpn=20° 
 

 
 

Fig.6. Spacing in case αpn=20°; αc=25° 
 
We consider the problem of selection of tooling for 
processing. As quality criterion we will accept the 
maximum curvature of gear fillet contour and as follows 
the maximum thickness of gear dedendum. The 
restrictions are 
- absence of interference at meshing of the processed gear 

with its pair gear; 
- no undercutting; 
- absence of worm thread pointing. 
Condition of absence of interference may be stated as  
 

R′L<Rd ,       (22) 
 

 where Rd is radius of lower point of active tooth profile 
and R′L is radius of lower point of involute. Radius R′L 
was determined in the process of gear surface 
construction. Radius Rd depends not only on parameters 

of manufacturing gear, but also on parameters of another 
component of gear set, which as we will assume are not 
known. 
We propose that gear set is design provides absence of 
interference in case the considered gear is generated by 
the rack cutter of profile angle αc that is equal to profile 
angle αpn of gear. Let RL is the lower involute bound, then 
the condition (22) may be replaced by more rigid 
condition 
 

R′L<RL  
 

The quantity RL may be obtained as follows 
 

RL=Rpcosαt /cosαtL,      
 

αtL=arctg(tgαt – 4(fa-xn)cosβ /z2/sinαt ). 
 

Condition of undercutting is formulated in terms of radius 
RI of the circle, that is the boundary between involute part 
of gear tooth contour and the fillet curve. 
 

RI > R′L  
 

Condition of no undercutting determines the lower bound 
αmin and conditions of absence of interference and worm 
thread pointing determine the lower bound αmax of cone 
angle αc value. Dependence of αmin and αmax on worm 
diameter De is presented in Tab.1. The gear design 
parameters are the following: z2=17; λp=90°; mn=5 mm; 
fa=1.0; c*=0.25; xn=0; αpn=20°.  
 
Table 1. 
 

De , 
mm 

50 100 200 300 500 

αmin 23°59′ 23°14′ 23°04′ 23°03′ 23°02′ 

αmax 26°24′ 25°39′ 25°30′ 25°29′ 25°28′ 
 

Consideration of Tab.1 leads to a conclusion that at 
enough large worm diameters De , exceeding diameter of 
blank, angles αmin and αmax slightly depend on De . The 
similar situation takes place at any parameters of blank. In 
Tab.2 and Tab.3 the dependence of αmax on mn and De 
(xn=-0,5 in Tab.2 and xn=0,5 in Tab.3) is shown. 

 
Table 2. 
 

De, mm  

mn, мм 50 100 200 300 400 
2,5 22°57′ 22°46′ 22°44′ 22°43′ 22°43′ 
5,0 24°06′ 22°57′ 22°46′ 22°44′ 22°44′ 

10,0 - 24°06′ 22°57′ 22°49′ 22°46′ 
 

Table 3. 
 

De, mm  

mn, мм 50 100 200 300 400 
2,5 24°36′ 24°25′ 24°24′ 24°23′ 24°23′ 
5,0 25°34′ 24°36′ 24°26′ 24°24′ 24°24′ 

10,0 - 25°34′ 24°36′ 24°28′ 24°26′ 
 
Let us pay attention to that the pitch increase in two or 
four times at proportional increase in worm diameter does 
not change αmax. 
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Use of a worm with the radius close to tooth height is not 
desirable for design reason (small diameter of a shaft) and 
also for technological reasons in a view of the big 
difference of speed of cutting by various sites of worm 
surface and undercutting of thread surface at dressing. 
Undercutting of worm thread at small worm diameter 
(De=55 mm) is shown in Fig.7. Cone angle αc is 26°. 
Gear design parameters are: mn =10 mm; z =100; xn =0.1. 
Let us consider the cones of diameter De=300 mm only. 
Change of this size on 20-30% practically does not 
influence on the form of fillet surface. 
Numerous numerical examples considered have shown 
that at small number of teeth (z ≤ 10) dependence of fillet 
curve on the cone angle αc is rather weak and the gears 
may be developed by the worm processed by a cone with 
angle of 26°. At larger tooth numbers, the optimum value 
αmax depends on lead angle λp and coefficient xn of rack 
cutter displacement as it is shown in Tab.4 (z=13) and 
Tab.5 (z=100). To minimize the set of tooling, search of 
maximum integer αc was carried out. The effect of 
rounding on fillet curve is not large. 
 

 
Fig.7. 

 
 
Table 4. 
 

λp°  

xn 90 75 60 45 
0,2 26 25 25 24 
0,3 26 26 25 25 
0,4 26 26 26 25 
0,5 26 26 26 26 
0,6 26 26 26 26 

 
Table 5. 
 

λp°  

xn 90 75 60 45 
-1,0 22 22 21 21 
-0,8 22 22 22 21 
-0,6 22 22 22 22 
-0,4 22 22 22 22 
-0,2 23 23 22 22 
0,0 23 23 23 22 
0,2 23 23 23 22 
0,4 24 24 23 22 
0,6 24 24 23 22 
0,8 25 24 24 23 
1,0 25 25 24 23 

In case of relatively small tooth number z2 the main upper 
restriction on αc is worm thread pointing. In case of large 
z2 the αc is restricted by interference. 
Investigations showed that the set of diamond tooling 
with cone angles αc = 21°, 22°, 23°, 24°, 25°, 26° is 
sufficient for manufacturing of any gear of considered 
interval of design parameters. 
Besides cone angle the diamond tool geometry is 
specified by length b of its cylindrical part. Unlike αc 
magnitude, b depends on gear pitch, lead angle und 
number of gear teeth. The most simple solution of this 
problem is to use six tools b = 0.5, 0.75, 1.1, 1.6, 2.4, 3.6 
mm of each of six mentioned above cone angles αc. 
 
6. CONCLUSION 
 
The process of shaping worm designated for grinding 
helical gear grinding is considered. The both tooth sides 
are treated simultaneously. The shaping is carried out by 
two diamond cones. 
The following algorithms and computer codes are 
proposed: 
(1) Computing of machine-tool settings in the process of 
abrasive worm generation and gear processing. 
(2) Construction and displaying of gear tooth spacing. 
(3) Detecting of undercutting and possibility of 
interference in the process of manufactured gear meshing. 
The proposed algorithms will simplify selection of tool 
for gear manufacturing. 
The set of diamond tooling that provide the possibility of 
processing of any gear of design based on standard rack-
cutter contour is determined. 
It is shown that cones (D∼100 mm) and worms (De=200-
300 mm) of one and the same diameter can be used at 
processing of all treated gears. 
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TECHNIQUE OF LONGITUDINAL 

LOCALIZATION OF BEARING 
CONTACT IN WORM GEARS 

 
Alexander SANDLER 

Sergey LAGUTIN 
Eugene GUDOV 

 
 
Abstract: An analysis of the manufacturing errors of the 
worm gear parts leading to the assembly errors in the 
gear unit is presented, and the most effective 
technological means for their compensation are specified 
depending on the accuracy degree of the machined gears.  
The relations between the optimal values of the enlarged 
pitch diameter of the hob and the tolerances for the 
machining adjustments corresponding to the desired 
degree of precision of the worm gear are developed. 
 
Key words: worm gears, assembly errors, longitudinal 
localization 
 
 
1. INTRODUCTION 
 
In any real worm to compensate inevitable manufacturing 
errors as well as strength and heat deformations, we have 
to design a gearing as an approximate one. The zone of 
existence of instantaneous contact lines between the 
worm turns and the wheel teeth must be limited so that 
the contact spot is focused in the middle of the tooth and 
the possibility of edge contact is excluded [1-5].  
In cylindrical worm gears, especially with Archimedean 
worm, the instantaneous contact lines are extended along 
the wheel tooth. So in this case the predesigned 
modification of the active and generating worm profiles, 
allows reducing the drive sensitivity to pitch errors of its 
members. The technique of profile localization was 
considered in previous works by authors [6, 8]. 
The longitudinal localization has to compensate a drive 
axes misalignment. This misalignment may be caused by 
a combination of the errors of gearbox case bores, the 
center distance and the angle of the hob axis inclination in 
the processing of the wheel teeth, the mismatch of the 
worm axis and the symmetry plane of the worm wheel. 
Allowed values of these errors for different degrees of 
accuracy are governed by standards. In particular, GOST 
3675-81 establishes the following norms of the contact:  

 the center distance deviations: far in the pair (the worm 
– the wheel) and faсr in the wheel teeth processing, 

 the similar deviations of shaft angle: f∑r  and  f∑сr , 
 the displacements of the worm wheel median plane in 
the gear unit - fхr and in the processing - fхсr. 

Methods of longitudinal localization, in particular by 
using of the oversized hobs, were studied in detail by 
many authors [2-5, 7], however, as a rule, regardless of 
the given standard degree of accuracy.  
But for the manufacturing of gears with the specified 
levels of quality it is important to know: 

 what kind of technique (set-up machine, tool support) 
will compensate the manufacturing errors;  

 what tolerances for setting up manufacturing 
operations must be installed; 

 what tool (hob) should be applied for cutting teeth.  
These questions are discussed in this paper. 
 
2. COMPENSATION OF CENTER DISTANCE 

ERRORS 
 
For high-precision worm gears, for which the master 
machines with invariably parallel arrangement of the axis 
of the finishing hob and the symmetry plane of the ring 
gear wheel (mirror table) are used, the primary mean for 
longitudinal localization is the tolerance control for 
machining center distance.  
Let us consider the basic option cutting teeth of worm 
wheel by a hob with a pitch diameter of the generating 
worm equal to the pitch diameter of the working worm. 
This option applies in the case of manufacture of 
precision worm gears 3 - 5 degrees of accuracy, as well as 
in most cases, serial production of worm gear. 
Nominal center distance aw in working and machine tool 
gearing is the same. However, as a rule, we have the error 
in the manufacture of gearbox case, and installation of 
machine center distance when cutting the wheel teeth. 
The latter depends on the accuracy gear cutting machine, 
on a precision of the reference worm, which the turn 
thickness accepts the given backlash in the gears and on 
the established tolerances for acceptance of center 
distance, measured on the instrument controls the 
reference worm. So the real values of center distances in 
the gears aw1 and in the machining aw0 are different. 
Let's define the influence of the pointed difference on the 
formation of a contact between the worm and the wheel 
tooth along the turn helical surface.  
It is known that one of the properties of the helical surface 
of the worm (working or generating) is an increase in its 
curvature and lead angle with decreasing radius of the 
cylinder under consideration. In this regard, while 
reducing machining center distance relative to the 
nominal the generating surface of the gear-cutting tool is 
introduced into the body of the wheel to a greater depth 
and forms the tooth surface with greater curvature. 
Therefore, if the center distance in the assembled gear 
unit is larger than when cutting, aw1 > aw0, then along the 
each line of nominal instantaneous contact the tooth 
surface has a larger curvature (more concave) than the 
turn surface of the worm, whose axis is "pushed" from the 
wheel axis. Consequently, the worm turn is in contact 
with the wheel tooth profile at the edges of the ring face 
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and the initial contact takes place at the end of the wheel, 
where the worm turns input in engagement.  
In the opposite case, if the center distance at assembled 
gears is smaller than in machine meshing, the surface of 
the tooth wheel has a smaller curvature than the helical 
surface of the worm, whose axis is closer to the wheel 
axis. Thus, the worm turn is in contact with the wheel 
tooth in its middle part, having a bias toward the exit of 
the worm turns from the meshing, and organically creates 
the preconditions for a longitudinally localized contact. 
From the above it implies the following:  
(i) The coordinates ∆0, ∆1 of the midpoints of tolerance 
fields ±fa and ±faс should be shifted relative to each other 
so that the machining center distance was for any values 
faсr greater than center distance in the assembled unit: 

aw0 > aw1; i.e. aw + faсr > aw + far, or  faсr > far    (1) 

 (ii) By limiting values faсr , far of these errors to allowable 
values [faсr], [far], respectively, we obtain: 

[faсr] = ∆0 ± faс,  [far]  = ∆1 ± fa                  (2) 

Custom design assumed that ∆1 = 0. So by (1) and (2): 

∆0 > (±fa) – (±faс) (3) 

Since the quantities of these errors and their combination, 
are random in nature, with a reasonable degree of 
confidence the algebraic difference between the 
distribution fields of the random alternating variables can 
be described by a quadratic equivalent: 

∆0 > [(2 fa)2 – (2 faс)2]0,5       (4) 

In accordance with GOST 3675-81 the relevant tolerance 
fields on deviations of center distances in the gears ±fa 
and in the machining ±faс, are related by: 

faс = 0,75fa.       (5) 

Accepting the relations (4) and (5), we obtain ∆0 > 1,32 fa.. 
Hence follows that the maching center distance errors 
could be within faс= 1,32fa ± 0,75fa = (0,67…2,07) fa. 
However, the inequality (1) must be observed at all values 
of the variables, including the largest positive far and the 
smallest acceptable faсr. Therefore, the interval of 
admissible values of the error faсr must meet a range 
(1,0 ... 2,1) fa. Hence we finally define the norms of 
accuracy for machine tool center distance:  

∆0 = 1,55fa;  faс = ± 0,55fa;     (6) 

 (iii) Machining center distance at the closest approach 
hob and wheel axes must correspond to the nominal value 
aw0 = aw +1,55⎪fa⎪. Based on this rule adjustment of gear 
cutting machine should be carried out, and reference 
worm to control the operation quality should be designed.  
The range of deviations faс machining center distance 
according to (6) must be toughened with respect to the 
values recommended by GOST 3675-81.  
Accuracy of a gear cutting machine for this parameter 
should be periodically monitored and brought by a repair 
service to the value of ± 0,55fa, on the basis of the highest 
degree of accuracy of worm gears to be machined. 

3. IMPACT OF SHAFT ANGLE ERRORS 
 
Deviation of the shaft angle of the worm gears f∑r is 
defined by GOST 3675-81, as the difference between the 
real and nominal shaft angles, and is expressed by the 
linear value on the width of the toothed ring of the worm 
wheel. Inherently this deviation is the aggregate angular 
error between the family of helical lines of the turn 
surface of the working worm and the surface of teeth, 
cutting by generating worm. 
Components of the shaft angle error in the gears are: 
manufacturing error of the bores and bearings in the 
gearbox casing, error of the angle of axis hob inclination 
and non-perpendicularity of the wheel bore axes to the 
installation face when cutting wheel teeth. For the last two 
components GOST is set symmetric (±) tolerance in 
processing f∑с = 0,75f∑. In addition, this error depends on 
the combination of the axial pitch errors of the helical 
lines of working and generating worms, which were 
formed in the machining of the worm and the hob. 
A combination of all these errors of the gearbox casing, 
worm, worm wheel and worm hob is hardly predictable. 
Standard establishes a tolerance ± f∑с symmetrically with 
respect to the nominal value, thereby doubling the 
allowable value. This is due mainly to the fact that all 
these elements are manufactured on machines with their 
own widely differing errors. In this regard, to manage the 
mutual compensation of such errors seems impossible. 
Established by GOST the absolute values of f∑ tolerance 
do not provide the concentration of the contact in the 
middle of the wheel tooth. Even for the high (3...5) 
accuracy degrees of gears, they are 5...19 µm and 
substantially greater than a thickness of control layer of 
paint ≈ 2...5 µm, fixing the place and length of the bearing 
contact on the wheel tooth surface.  
Therefore, practically the only means of compensation for 
total shaft angle error for the formation of a stable 
localized contact is longitudinal modification of the wheel 
tooth surface by significantly reducing its curvature 
relative to the curvature of the worm turns surface.   
This kind of modification is obtained by using hobs with 
a larger diameter of the generating surface for cutting 
wheel teeth worm  
 
4. MACHINING AND MODIFICATION OF THE 

WHEEL TEETH BY OVERSIZED HOBS 
 
As the wheel teeth are processed by the chosen oversized 
hob the machining center distance should be equal to: 

а w 0= а w1+ 0,5(d 0 – d 1)    (7) 

Fig. 1 and Fig. 2 show the scheme of processing of worm 
wheel teeth by a hob, whose pitch diameter is larger than 
the pitch diameter of the worm. 
In Fig.1 the case of placement of the nominal center of the 
contact (point K) in the midplane is presented. As shaded 
the cross section of the worm turns by plane A-A, tangent 
to the worm pitch cylinder is shown. It is covered with the 
same plane section of the hob generated surface. 
The worm axis О1–О1 is horizontal. The hob axis О0–О0 
is rotated relative to the worm axis at the angle of ∆γ. The 
turn sections are touching each other at the point К, 
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located in the median plane of the gears. Straight line КС0 
represents the common normal to the longitudinal profiles 
of turns at the point К. On the axis of the worm the line 
КС0 makes an angle γ1, equal to a lead angle of the worm 
turns on the pitch cylinder, and on the hob axis the angle 
γ0 equal to the pitch lead angle of the generating surface. 
Points С1 and C0 present the centers of curvature of the 
considered cross sections of a worm and a hob. Distances 
С1К = R1 and С0К= R0 are the radii of curvature of these 
sections in the design point. 

 
Fig.1. Scheme of wheel processing for YК = 0 

 
The hob axis should be deployed in the direction of 
increase of tooth inclination at an angle ∆γ. If this angle is 
assumed to be equal to 
∆γ = γ1 – γ0     (8) 
the designed contact point will be located on the worm 
pitch cylinder in the middle plane of the gears. 
If the worm is rotated in the direction of arrow ω, then the 
worm profile passes in the active meshing through the 
point K from "Enter" to "Exit". In the left projection of 
Fig.1 a straight line passing through the point K, as a 
tangent to the cylinder with radius rb1 = a0 – aw, 
determines the direction of movement of the estimated 
contact point on the tooth surface. 

 
Fig.2. Scheme of wheel processing for Y� ≠ 0 

 
Fig. 2 shows the processing worm wheel when ∆γ> γ1– γ0. 
In this case, the designed contact point is displaced on the 
value of Y K, along the wheel axis to the worm exit from 
the meshing. This allows improving the conditions of 
formation of hydro-dynamic lubricant layer. Cross section 
A-A is a tangent to the worm pitch cylinder at point F. 
The other symbols in Fig. 2 are the same as in Fig. 1. 
Along the axis of the meshing, i.e. along a straight line, 
which crosses the center distance, is parallel to the wheel 
axis, tangent to a worm pitch cylinder, and certainly lies 
on the meshing, surface, the magnitude of the calculated 
displacement of the point YK is given by: 

Y K = R0 R1 [sin(∆γ + γ0) – sin γ1] /(R0 – R1)  (9) 

where the radii of curvature R1, R0 of the sections of the 
worm and hob generating surfaces by a common tangent 
plane to the pitch cylinders are given by: 

R1,0 = 0,5d1,0 / (tan αx1,0 cos3γ1,0),                (10) 

The value of Y K is recommended to choose in the range to 
0.15b2, where b2 is a width of the wheel crown. On the 
chosen Y K the optimum value of angle ∆γ is equal to: 

∆γ = asin[sin γ1+ YK (1/R1– 1/R0)] – γ0              (11) 

Using an oversized hob provides automatically a 
longitudinal modification of the wheel tooth surface. This 
ensures the localization of bearing contact along the 
crown width, thereby preventing the edge contact of the 
teeth and reducing sensitivity to the inevitable production 
errors that have an impact on the gears quality, above all, 
to deviations of the shaft angle fΣr in the assembled gear 
and fΣcr in the wheel processing. 
The value of the modification of the tooth surface at the 
tooth ends is given approximately as following: 
for the side "Enter" of the worm turn into meshing: 

∆ si ≈ (0,5b2 + YK)2 (1/R1– 1/R 0) / 2cos2γ1  (12) 

for the side "Exit" of the worm turn out of meshing: 

∆ se ≈ (0,5b2 – YK)2 (1/R1– 1/R 0) / 2cos2γ1  (13) 

The effectiveness of the localization the can be estimated 
by the potential displacement ∆y of the contact center 
caused by the shaft angle errors within a tolerance of fΣ: 
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Taking into account pre-input shift YK, and its possible 
variations (≈10%), the value of ∆y for a given degree of 
accuracy should be no larger than b2/6. 
In this context, let us define the desired size d0 for the 
oversized hob as a function d0 = d0 (d1,  b2,  fΣ) of the 
accuracy degree of manufactured gears. 
Denote d0 = d1(1 + ε), where ε is small quantity. Then, 
with a sufficient for practice accuracy, we can assume: 

R0 = R1(1 + ε),  cos (∆γ + γ0) ≈ cos γ1  (15) 

Substituting into (14) the expressions for R1 and R0 from 
(10) and accepting the expressions (15) after some simple 
transformations we find: 

d0 /(d0 - d1) = (1+ ε) / ε =  2 ∆у b2 с1/(d1 fΣ)  (16) 

where с1 = tan αx1 cos2
 γ1 is a constant for a given gears.  

Hence we find either directly diameter d0 or a value of ε: 

ε ≈ (d1 fΣ)/(2∆у b2 с1)    (17) 

For conventional gears: b2 = 0.7d1, ∆у ≤ b2/6, and с1 
depending on αx1 and γ1 lies in the range (0.3...0.36). 
Under these conditions, even for ∆у = 0,1 b2, we obtain: 
ε = (0,28…0,34) fΣ /d1 
Since the GOST 3675-81 sets the symmetrical tolerance 
±f∑ for deviations f∑r, a double value (2 f∑ ) should be used 
in all the above formulas thereby blocking the effects of 
other mentioned errors of technology, including the angle 
error in machine meshing. 
Consider the example of determining the desired hob 
diameters for the specific gears:  
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mx=10mm, z1=2, d1 = 100mm, c1= 0,35mm, b2=70mm, ∆у 
= 7mm; 
for the 6-th degree of accuracy: fΣ = (2·0,012) = 0,024mm, 
then obtain ε = 0,7%, d0=100,7mm; 
for the 10-th degree of accuracy: fΣ =(2·0,036)= 0,072mm, 
then ε = 2,1%, d0 = 102,1mm.  
Considering the selected hob parameters as assigned we 
have to provide the strict equality of the worm and hob 
base modules mb1 = mb0 by varying the worm parameters. 
If we save the axial modules of the worm and hob equal 
between themselves: mx1 = mx0., then their axial profile 
angles have to be related by:  

tan2 α x1+ tan2γ1 = tan2αx0 + tan2γ0.   (18) 

More in details the problem of needed correction of the 
axial profiles of the worm or the hob is adduced in [2, 7]. 
 
5. DISPLACEMENT OF THE WORM WHEEL 

MEDIAN PLANE 
 
In the worm gears the displacement fхr of the worm wheel 
median plane is limited by a symmetrical tolerance of ±fх, 
and it is formed by structural dimensional circuits of the 
gearbox. The displacement fхсr of the same plane in the 
processing is limited by the tolerance ±fхс = 0,75fх and it is 
determined by adjusting the technological dimension 
circuit of the tooth-cutting machine. 
Reliable assessment of the control parameters by any 
measuring devices in the practice of machining worm 
gears was not found until recently. In this regard, given in 
GOST 3675-81 tolerances ±fх can be only for the design 
of the above technological dimensional circuits. 
In practice, to achieve the quality of engagement the 
displacement of the worm wheel median plane is 
controlled by the standard norms of "The relative size of 
the total contact area, %, along the teeth". 
Realization of this option, with respect to a given degree 
of accuracy is carried out by using the design assembly of 
worm wheel shaft compensators (sleeves or rings, which 
length is processed from the measurements). One of them 
"brings" the worm wheel to the position at which the 
contact patch of the required extent is formed along the 
length of the tooth. The second compensator closes the 
axial preload of the support bearing of the wheel shaft.  
 
6. CONCLUSION 
 

 Longitudinal localization of a contact in worm gear 
with ruled and close to them worms is carried out by 
taking into account the sources of errors in manufacturing. 

 The effect of center distance error is eliminated by 
increase the nominal machine center distance relative to 
the nominal center distance of the gearbox by +1,55⎪fa⎪, 
where fa is the gears tolerance. At the same the tolerance 
on the machine center distance should be toughened to faс 
= ± 0,55fa. Norms of accuracy of cutting machine for this 
parameter should be monitored and brought by a repair 
service for the highest accuracy degree of the wheels to be 
machined. 

 The only way to compensate the total shaft angle error 
for the formation of a stable localized contact is the 
longitudinal modification of wheel teeth by oversized 
hobs. The technique of design of the increased pitch 

diameter of the hob generating surface as a function of the 
accuracy degree of the machined gears and the location of 
the nominal center of the contact is proposed 

 The error of the wheel median plane displacement 
may be controlled only by the use of compensators in the 
assembly of the shaft wheel. 
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REALISATION OF DWELL MOTION 

WITH NON-CIRCULAR GEARS 
 

Jovan DORIĆ 
Ivan KLINAR 

Nebojša NIKOLIĆ 
 
 
Abstract: In this paper was presented one approach for 
modelling dwell motion mechanism with noncircular 
gears. In this case was examined synthesis of such motion 
where output shaft must generate dwell motion for 
constant speed of input motion. Described mechanism can 
easily achieved very complex motion, where input shaft 
have constant angular speed in relation to output shaft 
which combines smooth stop and go movement. This 
article also described some basic shape of this new 
mechanism and CAD model of circular and non circular 
gears which are constituent part of dwell motion 
mechanism. 
 
Key words: non-circular gears, mechanism, dwell motion 
 
 
1. INTRODUCTION 
 
Noncircular gear wheels can be used to produce rotary 
motion with variable transmission ratio and, compared to 
linkages, provide a number of design advantages such as 
accurate transmission, ease of balancing, and compact 
size. Furthermore, they are very versatile because of the 
great flexibility to obtain a desired transmission function. 
Automatic equipment in printing presses, textile industry, 
packaging machines and quick-return mechanisms 
represent the most diffuse applications [1] and [2]. Some 
authors, in particular, have studied the problem of 
assembly conditions. In 1998, Simionescu [3] proposed a 
unified approach to the assembly condition of 
epicyclical gear trains. A set of analytical relations, in 
order to determine the offset angles between the wheels of 
compound planets, was also provided for those cases in 
which an equidistant assembly is not possible. Research 
on noncircular gears has been very limited. Most of the 
research on these tooth bodies have concentrated on the 
development of pitch curves for different applications or 
to satisfy specific requirements [4-8]. 

2. UNCONVENTIONAL GEARS 
 
The number of references of NCGs is very limited 
compared to another technical topics. Early version of 
non-circular gears (NCG) are made by Leonardo da 
Vinchi in the collection of ``Codex Mandrid II``. In this 
document was presented the genuine idea of gears with 
eccentric circle and self-intersected pitch curve. A NCG is 
a special gear design with special characteristics and 
purpose. While a regular gear is optimized to transmit 
torque to another engaged member with minimum noise 
and wear and with maximum efficiency, a non-circular 
gear's main objective might be ratio variations, axle 
displacement oscillations and more. Common applications 
include textile machines, potentiometers and CVTs 
(continuously variable transmissions). It is always 
possible to design a specially shaped gear to roll and mesh 
properly with a gear of any shape. The sole requirement is 
that the distance between the two axes must be constant. 
However, the pitch line of the mating gear might turn out 
to be an open curve, and the gears can be rotated only for 
a portion of a revolution—as with two logarithmic-spiral 
gears. In Fig. 1 was presented the logarithmic spiral gears 
and the elliptically shaped gears. They are components in 
automatic machinery. The specially shaped gears are also 
presented in Fig. 1, these gears offer a wider range of 
velocity and acceleration characteristics 
 

 
 

Fig.1. Variations of noncircular gears 
 

 
 

Fig.2. Noncircular planetary gears 
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True elliptical gears can only be made to mesh properly if 
they are twins, and if they are rotated about their focal 
points. However, gears resembling ellipses can be 
generated from a basic ellipse. These “higher-order” 
ellipses can be meshed in various interesting 
combinations to rotate about centers. For example, two 
second-order elliptical gears can be meshed to rotate 
about their geometric center; however, they will produce 
two complete speed cycles per revolution. The difference 
in contour between a basic ellipse and a second-order 
ellipse is usually very slight.  
Also, today is possible to make very complex devices 
where NCG are used as part of planetary drive [4]. In this 
case the square gear used in the hydraulic motor is taken 
as the example for the computation. The layout of the 
hydraulic motor is shown in Fig. 2. The triangular gear 
(sun gear), square gear (annual gear), and the seven 
planetary gears constitute the work cavity of the hydraulic 
motor. Hydraulic oil is fed into the work cavity that drives 
the triangular gear rotation, and the triangular gear 
rotation drives the planetary gear rotation and revolution. 
Application of noncircular gears can be can be classified 
into two groups: 
1. Where only an over-all change in angular velocity of 

the driven member is required, as in quick return 
drives, intermittent mechanisms in such machines as 
printing presses, planers, shears, winding machines, 
and automatic-feed machines. 

2. Where precise, nonlinear functions must be generated, 
as in mechanical computing machines for extracting 
roots of numbers, raising numbers to any power, or 
generating trigonometric and logarithmic functions. 

 
3. MECHANISM MODELLING AND 

ANALYSIS 
 
Assuming the gear teeth are very small, let r1(f1) be the 
radius of the first gear wheel as a function of angle from 
the axis of rotation f1, and let r2(f2) be the radius of the 
second gear wheel as a function of angle from its axis of 
rotation f2. If the axles remain fixed, the distance 
between the axles is also fixed: 
 

1 1 2 2( ) ( )r r Lϕ ϕ+ =     (1) 

 
Assuming that the point of contact lies on the line 
connecting the axles, in order for the gears to touch 
without slipping, the velocity of each wheel must be equal 
at the point of contact and perpendicular to the line 
connecting the axles, which implies that: 
 

1 1 2 2rd r dϕ ϕ=      (2) 

 
Of course, each wheel must be cyclic in its angular 
coordinates. If the shape of the first wheel is known, the 
shape of the second can often be found using the above 
equations. If the relationship between the angles is 
specified, the shapes of both wheels can often be 
determined analytically and graphically as well.  
Analytical method for determining centroids of non 
circular gears gives more accurate results than graphics, 

but in practice, due to the complexity, this method applies 
only to specific types of gear. It can be taken into account 
in the equation of the centroid profile for external 
coupling-eq. (3) and (4).  

3

2

3

2

3

2
32 ϕ

ϕ
ω
ω

d
d

r
ri ===

     (3) 
32 rrL +=       (4) 

2
231

Lr
i

=
+

                                                                 (5) 

3 23
231

Lr i
i

= ⋅
+

                   (6)

  
Relations (5) and (6) are equations of centroids in polar 
coordinate system. Independent coordinate is f2 (from 
radius vector r2) , while coordinate f3 can be found 
through eg. (7). 
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Now we can write the following equality: 

3322 ϕϕ ⋅=⋅ rr        (8) 
 
3.1. Design of mechanisms 
 
In this paper will be analysed two pairs of noncircular 
gears with gear ratio presented on Fig. 3.  

 
Fig.3. Average and current gear ratio of non circular 

gears pair 

 
After solving all necessary equations we can evaluate 
shape of the both noncircular gears. Such gears are 
presented on Fig. 4. and Fig. 5. On these figures are 
presented only pitch line of NCG, for the case when 
L=150 mm. 
This constant angle during maximum angular speed is 
shown on figures 4 and 5. It can be noted from these 
figures that shape of the both gears are very complex, but 
in relation to output gear , input gear have concave and 
convex pitch curves. Before we analyses motion of output 
shaft it is interested to see angle changes between these 
gears, such changes was presented on Fig. 6. 
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Fig.4. Pitch line of output NCG 

 

 
Fig.5. Pitch line of input NCG 

 

  
Fig.6. Angle changes of driven and drive gear 

 
The main idea for evaluating dwell motion of the output 
element is through adding two function of motion. Both 
motion functions were obtained through motion of non-
circular gears. Input motion are ilustrated in Fig. 7, where 
is represented generator of dwell motion with NCGs. 

These two pairs of NCG are equal, but one pair in relation 
to another are shifted with certain phase angle. In the 
following Fig. 7 this phase is about 20 degrees. 
 

 
Fig.7. CAD model of dwell motion generator 

 
Actually, in this dwell motion generator output motion is 
consequence due the differences of two same law motions 
which are phase shifted, illustrated on the following Fig. 
8.  

 
Fig.8. Two law motion of driven non-circular gears which 

are phase shifted for 20 degrees 
 

 
 

Fig. 9. Transparent view on two pairs of NCG 
 
From the fig. 4 and 5 it can be seen that both noncircular 
gears have angle of constant radius, in this case was 
chosen angle of 20 degrees. Constant radius of NCGs are 
necessary in order to realize the dwell motion, for the 
better insight into the gears coupling of these two pairs of 
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gears on the next Fig. 9. was presented transparent CAD 
model. 
Finally it is easy to analyse output motion characterstics, 
in this numerical analysis we studied several cases of 
different phase angles. Phase angle was ranged from 1 to 
20 degrees. Oscillation amplitude with portion of dwell 
motion of the output element is presented on the 
following Fig. 10. 

 

Fig.10. Oscillation amplitude of the output element 
 
4. CONCLUSION 
 
In this paper was presented one solution for solving 
problems of dwell motion of output shaft. Aim of this 
article is to present basic shape and motion charactersitcs 
of dwell motion generator. Described mechanism allows 
to perform very complex movement of output shaft. The 
pulsating planetary approach demonstrates some highly 
useful characteristics for intermittent motion machines: 

 One of them are the fact that in this mechanism there 
is no slip motion only rolling in relation to geneva 
devices where is slip motion unavoidable. 

 The gear teeth serve to lock the output member 
during the dwell as well as to drive that member 
during motion. 

 Superior high-speed characteristics are obtainable. 
The profiles of the pitch curves of the noncircular 
gears can be tailored to a wide variety of desired 
kinematic and dynamic characteristics. There need be 
no sudden terminal acceleration change of the driven 
member, so the transition from dwell to motion, and 
vice versa, will be smooth, with no jarring of 
machine or payload. 

 The ratio of motion to dwell time is adjustable within 
wide limits. It can even exceed unity, if desired. The 
number of indexing operations per revolution of the 
input member also can exceed unity. 
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ELASTOHYDRODYNAMIC LUBRICA-

TION ANALYSIS IN FACE-HOBBED 
SPIRAL BEVEL GEARS 

 
Vilmos SIMON 

 
 
Abstract: The full thermal elastohydrodynamic analysis 
of lubrication in face-hobbed spiral bevel gears is pre-
sented. The calculation is based on the simultaneous solu-
tion of the Reynolds, elasticity, energy, and Laplace's 
equations. The oil viscosity variation with respect to pres-
sure and temperature and the density variation with re-
spect to pressure are included. The real shape of the gap 
existing between contacting tooth surfaces is applied, 
based on the gear teeth geometry defined by the gear 
processing method. By using the corresponding computer 
program, the influence of operating conditions and mis-
alignments inherent in the gear pair on maximum oil film 
pressure and temperature, EHD load carrying capacity, 
and on power losses in the oil film is investigated. The 
obtained results are presented and discussed. 
 
Key words: face-hobbed spiral bevel gears, EHD lubrica-
tion, pressure, temperature, operating conditions 
 
 
1. INTRODUCTION 
 
During the last decades many theoretical and experimen-
tal works have been directed towards the analysis of elas-
tohydrodynamic lubrication in line and point contacts. In 
these works the lubrication of spherical and cylindrical 
bodies was investigated, and on the basis of the obtained 
results equations were developed for the calculation of the 
minimum oil film thickness and power losses in the oil 
film [1]. Some researchers as: Gu [2], Akin [3], Martin 
[4], Anderson and Loewenthal [5], and Matsumoto et al. 
[6] used these equations for the determination of lubrica-
tion characteristics of involute gears; Bathgate and Jates 
[7], Winter and Wilkesmann [8] applied the same formu-
las for worm gears. But the special geometry and kine-
matics of gears, especially of spiral bevel, hypoid and 
worm gears, make such a calculation doubtful. The full 
thermal EHD analysis of lubrication of gears was carried 
out by Simon [9-16], Sato and Takanashi [17], Wu and 
Huang [18], Huang et al. [19], Yu et al. [20], He and Wei 

[21], and Kong et al. [22]. An interesting study on the 
hybrid (hydrostatic and hydrodynamic) lubrication of 
double enveloping worm gears was presented by Yuan et 
al. [23]. By Horak et al. [24] and Bercsey and Horak [25] 
a calculation model and a test-rig have been developed for 
the tribological simulation of spatial gear tooth contact. 
Experimental results for gear lubrication were published 
by Napel et al. [26], Tan et al. [27], Winter et al. [28], and 
Arto and Asko [29]. On the lubrication of spiral bevel and 
hypoid gears only a few papers can be found: Simon 
[9,16], Jia and Guo [30], and Yi and Chenwen [31]. A 
method for thermal analysis of tooth mesh in spiral bevel 
gears was presented by Handschuh and Kicher [32]. 
The method of thermal EHD lubrication analysis applied 
in this paper is based on the simultaneous solution of the 
Reynolds, elasticity, energy, and Laplace's equations. The 
oil viscosity variation with respect to pressure and tem-
perature and the density variation with respect to pressure 
are included. The real geometry and kinematics of the 
face-hobbed spiral bevel gear pair is applied, thus the 
exact geometrical separation of the mating surfaces is 
included in the oil film shape, and the real velocities of 
these surfaces are used in the Reynolds and energy equa-
tions. By using the corresponding computer program the 
influence of operating conditions and misalignments in-
herent in the gear pair on maximum oil film pressure and 
temperature, EHD load carrying capacity, and on power 
losses in the oil film was investigated. 
 
2. THEORETICAL BACKGROUND 
 
2.1. Tooth Geometry and Velocities 
In this study the concept of an imaginary generating 
crown gear is used to explain the generating cutting proc-
ess of the face-hobbed spiral bevel pinion and gear teeth 
[33]. The tooth surface of the imaginary generating crown 
gear is represented by the following matrix equation: 

 
eececccc4c rMrMMMMr
rrr

⋅=⋅⋅⋅⋅= 123     (1) 
 
To obtain the tooth surface in the generating process, the 
pinion and the gear are rolled with the imaginary generat-
ing gear. The tooth surface points of the pinion and of the 
gear are defined by the following system of equations: 

 
( ) ( ) ( )i

eec1i2i3i
i

c1i2i3i
i
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rrr
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( ) ( ) 0i
0c

c,i
0c =⋅ev
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where i=1 for the pinion, i=2 for the gear. 
The matrices and vectors of Eqs. (1) and (2) are presented 
in Ref. [33]. 
According to Fig. 1, the relative position of the pinion and 
the gear in mesh is defined by the following equation: 

 

01011202 rrMr
rrr

⋅

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−⋅⋅
−

−−⋅⋅

=⋅=

1000
acoscossinsinsin

00sincos
bpsincoscossincos

vhvhv

hh

vhvhv

∆εεεεε
εε

∆εεεεε

(3) 



 

 350 

where matrix 12M defines the relation between the sta-
tionary coordinate systems 01K  and 02K , in which the 

pinion and the gear are rotating through mesh. 
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Fig.1. Relative position of the pinion and the gear in mesh 

 
If no misalignments are inherent in the gear pair 
( 0ba vh ==== εε∆∆ ), the relative position of the pin-
ion and the gear is defined by the equation 
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    (4) 

 
The EHD lubrication analysis is carried out in the local 
coordinate system K. The origin of the coordinate system 
K is in the instantaneous contact point of teeth surfaces, 
and the coordinate plain (x,y) is the common tangential 
plain of the surfaces in the instantaneous contact point. 
The coordinate transformation from system 2K , attached 
to the gear, into the local coordinate system K performs 
the following equation 

 

02
1

g4nn rMMrMr
rrr

⋅⋅=⋅= −
2                                             (5) 

 
The geometrical separation of contacting teeth surfaces is 
defined by the distances of the corresponding surface 
points. For an arbitrary mesh point P(x,y), the correspond-

ing  surface points are obtained by intersecting the teeth 
surfaces with the normal of the gear tooth surface passing 
through the mesh point P(x,y). The mathematical defini-
tion of the intersection conditions is as follows 
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The unknowns ( )P1u , )1(

cψ , ( )P2u , )2(
cψ  are obtained by 

iteration. 
The geometrical separation of contacting teeth surfaces 
for an instantaneous mesh position of the pinion and the 
gear is calculated by the equation 
 

( ) ( ) ( )[ ] ( ) ( )[ ] ( ) ( )[ ]2P2P12P2P12P2P1 zzyyxxy,xs −+−+−=  
(7) 
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The velocity vectors of tooth surface points in the coordi-
nate system K are given by 
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2.2. EHD Lubrication Analysis 
The pertinent equations governing the pressure and tem-
perature distributions and the oil film shape are the Rey-
nolds, elasticity, energy, and Laplace's equations. Point 
contact EHD lubrication analysis is applied because of the 
theoretical point contact of mismatched gear pairs. 
The following general Reynolds equation is used 
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The velocities 222,111 ,W,VU,W,VU  are defined above. 
The boundary conditions call for the pressure to vanish on 
the boundaries, therefore 
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where minx , maxx , miny , maxy  are the coordinates of the 
real teeth boundaries. 

The second boundary condition is p=0 for 0
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This condition commonly known as the Reynolds condi-
tion, will be satisfied by simply resetting p to zero when-
ever it occurs as a negative value. 
The full energy equation is applied 
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The boundary conditions associated with the energy equa-
tion are expressed as 
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where n is the normal of the boundary and nv  is the nor-
mal lubricant velocity in the boundary point with positive 
direction out of the oil film. 
The conditions (13) specify a uniform temperature, the 
supplied oil temperature, on the part of boundary where 
the fluid moves inwards the contact zone and also indicate 
that the heat leaves the boundary by pure convection. The 
conditions (14) express the continuity of heat flux at the 
fluid-solid boundary. 
The equation governing the heat transfer in the pinion and 
gear teeth is Laplace's equation 
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where m=1 for the pinion tooth, m=2 for the gear tooth. 
 
The boundary condition for the solid-ambient boundaries 
is 
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and for the inside teeth boundaries 
 

( ) 0mins.bound.m Tx,y,zT =     (17) 
 

The composite normal elastic displacement of the contact-
ing surfaces in point P(x,y), caused by the pressure distri-
bution p(X,Y), is given by 
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The oil film thickness is defined by the expression 
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where h0 is the minimum oil film thickness. The geomet-
rical separation of contacting surfaces, s(x,y), is defined 
by Eq. (7). 
The viscosity variation with respect to pressure and tem-
perature and the density variation with respect to pressure 
are included: 
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In the viscosity-pressure relationship the exponent ηα  is 
constant in the case of Barus equation and it is pressure 
dependent in the Roelands’ expression [34]: 
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The EHD load carrying capacity of the oil film is calcu-
lated from the pressure by simple integration 
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The friction factor is defined by the ratio of the frictional 
force to the load and it can be written as 
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The Reynolds, elasticity, energy, and Laplace's equations 
represent a highly nonlinear integrodifferential system. 
This system of equations is solved by using the finite dif-
ference method and numerical integration. The fluid film 
field, in which the pressure and temperature are sought, is 
divided into grids. The film thicknesses in the grid points 
are divided into an equal number of sections hence a 
three-dimensional mesh is obtained. The intervals used to 
divide the coordinates along the film are irregular, they 

decrease gradually as they approach the pressure peak. 
The use of such a nonuniform mesh reduces considerably 
the computational time. Automatic mesh generation in the 
oil film and in the gear teeth is included. The systems of 
linear equations, obtained by using finite difference ap-
proximation of the Reynolds, elasticity, energy, and 
Laplace's equations, are solved by the successive-over-
relaxation method. The details of this method are de-
scribed in Ref. [9]. 
 
3. RESULTS 

A computer program was developed to implement the 
formulation provided above. By using this program, the 
variation of the pressure and temperature distributions in 
the oil film through a mesh cycle and the influence of 
speed, minimum oil film thickness, and misalignments on 
maximum oil film pressure (pmax) and temperature (Tmax), 
EHD load carrying capacity (W), and on friction factor 
(fT) was investigated. The main design data of the exam-
ple face-hobbed spiral bevel gear pair used in this study is 
given in Table 1. The lubricant characteristics and operat-
ing parameters are presented in Table 2. 
 
Table 1. Pinion and gear design data 

 Pinion Gear 
Number of teeth 12 36 
Module, mm 4.941 
Pressure angle, deg 20 
Mean spiral angle, deg 35 
Face width, mm 25.4 
Pitch diameter, mm 59.292 177.876 
Outside diameter, mm 65.931 178.761 
Pitch angle, deg 18.4349 71.5651 

 
 

Table 2. Lubricant characteristics and operating  
parameters 

Ambient lubricant viscosity, Pas 0.19361 
Minimum oil film thickness, µm 1.0 
Pinion’s revolution per minute, rpm 2000 
Pressure viscosity exponent, Pa-1 71014504.0 −×  
Supplied oil temperature, C 60 
Temperature viscosity exponent, K-1 0.027 

 

 
 

Fig.2. Pressure distribution in the oil film for the instan-
taneous position of the pinion and the gear when the  

contact point is in the mid-point of the gear tooth  
(corresponds to the angular position of  the pinion  

of deg61 =φ ) 



 

 353

In Figs. 2 and 3 the oil film pressure and temperature dis-
tribution are presented, for the instantaneous position of 
the mating pinion and gear when the contact point is tak-
ing place in the mid-point of the gear tooth. The maxi-
mum temperatures across the oil film are plotted. The 
crest of the pressure surface corresponds to the instanta-
neous contact line of the pinion and the gear tooth sur-
faces. 
 

 
 

Fig.3. Temperature distribution in the oil film for the in-
stantaneous position of the pinion and the gear when  
the contact point is in the mid-point of the gear tooth 

 

 
 

Fig.4. Pressure distribution in the oil film for the instan-
taneous position of the pinion deg211 −=φ  

 
The variation of the oil film pressure distribution regard-
ing to rolling the pinion and the gear through mesh is 
shown in Figs. 4 – 7. It can be observed that rolling the 
pinion and the gear through mesh, the maximum tooth 
contact pressure is moving from the heel to the toe of the 
tooth. The pressure and temperature have their maximum 
values at the outgoing part of the mesh cycle (Fig. 7). The 
biggest EHD load carrying capacity is obtained for the 
angular position of the pinion of deg181 =φ  (Fig. 6), 
between the mid-point contact and the end of the mesh 
cycle. The smallest friction factor corresponds to the 
smallest oil film pressure (Fig. 4). The reason is that de-
crease in the pressure causes oil viscosity reduction, fol-
lowed by the decrease of shear stresses in the oil film and 
of the corresponding friction factor. 
 
 

 
 

Fig.5. Pressure distribution in the oil film for the instan-
taneous position of the pinion deg91 −=φ  

 
 

Fig.6. Pressure distribution in the oil film for the instan-
taneous position of the pinion deg181 =φ  

 
 
 

 
 

Fig.7. Pressure distribution in the oil film for the instan-
taneous position of the pinion deg301 =φ  
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Fig.8. Influence of the rotational speed of the pinion on 
maximum tooth contact pressure ( maxp ) and  

temperature ( maxT ), EHD load carrying  
capacity (W), and friction factor ( Tf ) 
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Fig.9. Influence of the minimum oil film thickness on 
maximum tooth contact pressure ( maxp ) and 

 temperature ( maxT ), EHD load carrying  
capacity (W), and friction factor ( Tf ) 

 
 
The influence of speed, minimum oil film thickness, and 
misalignments inherent in the gear pair on maximum oil 
pressure and temperature, EHD load carrying capacity, 
and friction factor is presented in Figs. 8 - 13. Factors 

maxpk , 
maxTk , Wk  and 

Tf
k  represent the ratios of the 

maximum oil pressure and temperature, EHD load carry-
ing capacity, and power losses in the oil film calculated 
for varied operating parameters and misalignments, and 
the same EHD characteristics obtained for the rotational 
speed of the pinion of 2000 rpm, for the minimum oil film 
thickness of m1 µ , and for the case when no misalign-
ments are inherent in the gear pair. Several observations 
can be made: By the increase of the rotational speed of 
the pinion a strong increase in the maximum oil film pres-
sure and EHD load carrying capacity occur, the maximum 
temperature is moderately effected, and the friction factor 
keeps almost constant (Fig. 8). By the reduction in mini-
mum oil film thickness the maximum tooth contact pres-
sure and the EHD load carrying capacity increase, the 
maximum temperature keeps constant and an enormous 
increase in the friction factor occurs for small values of 
minimum oil film thickness. The friction factor has its 
less value for the minimum oil film thickness of 

m2hmin µ=  (Fig. 9). 
Strong reduction of the maximum pressure in the oil film 
and of the EHD load carrying capacity is caused by mis-
alignments inherent in the gear pair (Figs. 10-13). As a 
result of misalignments, enormous increase in the friction 
factor occurs. But, for negative values of the angular mis-
alignment in the horizontal plane (Fig. 12) and for posi-
tive values of the angular misalignment in the vertical 
plane (Fig. 13) there is a reduction in the friction factor. 
In the last case the EHD load carrying capacity is im-

proved. It can be observed in Figs. 10-13 that the maxi-
mum temperature in the oil film is almost no sensitive to 
the misalignments. 
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Fig.10. The influence of pinion offset on maximum tooth 
contact pressure ( maxp ) and temperature ( maxT ), EHD 
load carrying capacity (W), and friction factor ( Tf ) 
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Fig.11. The influence of the axial position error of the 
pinion on maximum tooth contact pressure ( maxp )  

and temperature ( maxT ), EHD load carrying  
capacity (W), and friction factor ( Tf ) 
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Fig.12. The influence of the angular misalignment in the 
horizontal plane of the pinion axis on maximum tooth 
contact pressure ( maxp ) and temperature ( maxT ), EHD 
load carrying capacity (W), and friction factor ( Tf ) 
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Fig.13. The influence of the angular misalignment in the 
vertical plane of the pinion axis on maximum tooth con-
tact pressure ( maxp ) and temperature ( maxT ), EHD load  

carrying capacity (W), and friction factor ( Tf ) 
 

 
4. CONCLUSIONS 
 
In this study, the full thermal elastohydrodynamic analy-
sis of lubrication in face-hobbed spiral bevel gears is per-
formed. The variation of pressure distribution in the oil 
film rolling the pinion and the gear through mesh, the 
influence of operating parameters and misalignments in-
herent in the gear pair have been investigated. On the ba-

sis of the obtained results the following conclusions can 
be made: 
1. Rolling the mating members through mesh, the pres-

sure peak is moving from the heel to the toe of the 
tooth. The pressure in the oil film and the EHD load 
carrying capacity have their maximum values on the 
outgoing part of the mesh cycle. 

2. As it was expected, the EHD load carrying capacity is 
improved by the increase of the speed and by the re-
duction of minimum oil film thickness. The influence 
of these operating parameters on the maximum tem-
perature in the oil film and on the friction factor is 
much more moderate. 

3. The misalignments inherent in the gear pair, in general 
strongly worsen the conditions of EHD lubrication: 
reduce the EHD load carrying capacity and increase 
the power losses in the oil film. 
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HEADSTOCK OF MACHINE TOOL WITH 

RADIAL BALL BARINGS  
 

Ľubomír ŠOOŠ 
 
 
Abstract: The decisive criteria of the quality of machine 
tools are their productivity and working accuracy. Rapid 
evaluation of various spindle-bearing system variants at 
the preliminary design stage is very important for the 
design engineer. His selection will be correct if he has 
chosen suitable criteria for the spindle bearing-system 
design, and if he has adequate experience in this field. 
 
Key words: headstock, bearing nodes, turning machine 
tools 
 
 
1. INTRODUCTION 
 
The decisive criteria of the quality of machine tools are 
their productivity and working accuracy. Rapid evaluation 
of various spindle-bearing system variants at the 
preliminary design stage is very important for the design 
engineer. His selection will be correct if he has chosen 
suitable criteria for the spindle bearing-system design, and 
if he has adequate experience in this field. 
 
2. HEADSTOCK – THE HEART OF THE 

MACHINE TOOL 
 
The Headstock such as the tool or workpiece carrier has a 
direct relationship to the static and dynamic properties of 
the cutting process, Fig 1. The spindle-housing system 
(SHS) stiffness influences the surface quality, profile, and 
dimensional accuracy of the parts produced. It also has a 
direct relationship with machine tool productivity, 
because the high width of cut, which is characterized by 
the initiation of self-induced vibration is directly 
proportional to machine tool stiffness and damping.  
SHS complex analysis is very difficult and complicated. 
The analysis requires a advanced understanding of 
mathematics, mechanics, machine parts, elasto-
hydrodynamic theory, rolling housing techniques and also 
programming skills. The results of our research into SHS 
have been divided into three parts: 

 
 
 
 
 
 
 
 
 
 
 
 
 

 Theoretical research - deals with creating 
mathematical models  

 Experimental research - verifies theoretical hypotheses 
and results on created testing devices 

 Application research - deals with the special software 
application, Spindle Headstock for SHS design 

 
3. THEORETICAL RESEARCH 

 
3.1. Primary static analysis 
 
Frequency 
The calculation of the headstock’s high revolving 
frequency is relatively simple. The high revolving 
frequency of the bearings node is calculated on the basis 
of the high revolving frequency of one bearing multiplied 
by various coefficients reflecting the influence on 
bearings of bearing arrangement, bearing precision, 
preloaded value, lubrication and cooling conditions. 

Stiffness 
The problem is how quickly can the headstock stiffness 
be calculated with sufficient precision. The headstock 
stiffness must be calculated according to the deformation 
at the front spindle end, because the deformation at this 
point has a direct relationship to the precision of the 
product. The deformation at the front spindle end is the 
accumulation of various other, more or less important,  
partial distortions. The radial headstock stiffness can be 
calculated 

         (1) 

 
The individual headstock parts, (spindle, bearing 
arrangement), create a serial spring arrangement and it is 
evident that the resulting stiffness Krc is limited by the 
stiffness of the weakest part. An expert can see which part 
should be improved, and which as a result of partial 
distortions should be decreased. 
 
3.2. Simplified method of calculation 
 

The calculation of front-end spindle distortion which 
takes into consideration all the important parameters, can 
only be done by using powerful computers. The analysis 
can be carried out by standard or special (fit to problem) 
software programs. Special software is very expensive. 
Resulting static distortion of the front-end spindle: 

 
     (2) 
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Fig.2 Modular structure of theoretical research 
 
is the accumulation of  distortions from bending moments  
(yo), transversal forces  (yp), bearing stiffness  (yl ) and  a 
axial force  (ya). Our experience has showed that 
whatever mathematical method and software is used, the 
spindle  distortion caused by bending moments and by 
bearing stiffness compliances have the greatest influence 
on resulting front end spindle  distortion.  
where the distortion caused by bending moments is as 
follows: 
 

 (3) 
 
 
and the deflection caused by bearing compliance is as 
follows: 
    

(4) 
 

 
Resulting static distortion of the front-end spindle can be 
explicitly described by multi-parametrical equation in the 
form of: 
 

yF = f [E, Fr, a, L, Ja,, (Da, da) JL (DL, dL), KA, KB, ρ,] (5) 
 

One significant problem is with the calculation of the 
bearing nodes, because they are static, indefinite systems. 
 

3.3. Dynamic analysis 
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Fig.3. Factors affecting SHS dynamic properties 
 
Defining dynamic properties is very important because 
dynamic analysis describes SHS behaviour in real 
conditions (running). The SHS dynamic properties 

(dynamic distortion of spindle front-end, natural 
frequencies spectrum) were affected by factors shown in 
Fig. 3. 
 The main methodological advantage of computer analysis 
is the possibility of repeating single calculating algorithms 
in matrix shape. A special software package (SW) 
“Spindle Headstock” was developed At the Department of 
Production Engineering in the Faculty of Mechanical 
Engineering at STU, Bratislava. 
 

3.4. Theoretical research of bearing nodes 
 

Arrangements of nodal points 
Usually radial ball bearings with angular contact 
arrangements in nodal points contain 2, 3 or more 
bearings, Fig. 4. 
 

     
 

Fig. 4 Arrangements in nodal points 
 
Criteria for selection of bearings arrangements 
The number of spindle - bearing systems supported on 
ball bearings with angular contact are increasing 
proportionally in accordance with the increasing demands 
on machine tools.   
By varying the bearings and their arrangement in the 
bearing node (O, X, T, OT, ..), the value of contact angle, 
magnitude of preload, and type of flanges can be 
optimized to suit the resulting stiffness and speed-ability 
of the spindle-bearing system. 
 

Stiffness 
The stiffness of the bearing arrangement (KA, KB) is the 
specific parameter which has an influence on resulting 
spindle distortion. I have developed a simplified 
mathematical model for calculating radial and axial 
stiffness. The simplified mathematical model for 
calculation of stiffness of bearing nodes arrangements on 
angular ball bearings can be expressed in form of the 
following equations: 
Radial stiffness 
 

 (6) 
 
 

Axial stiffness 
 

(7) 
 
 

Taking equations (6) and (7) into consideration, it is 
evident that the stiffness of the bearing arrangement 
depends on the number of bearings  (i1 and i2) in the 
arrangement, the dimensions of the bearings (z1, dw1  and  
z2, dw2), the contact angle (α1 and α2) and the preload 
value Fp. 
 

Optimisation of the spindle-bearing system with 
regard to temperature 
In connection with the bearing arrangements, the high-
speed evaluation capability, of the temperature properties 
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of the bearing supporting node has a increasingly greater 
significance. The main goal of this chapter is to show the 
SHS design under real operating conditions, taking into 
consideration the temperature-related behaviour of the 
spindle and bearing nodes.  
      The value of these SHS temperature changes depends 
on the temperature gradient, the type of bearing 
arrangement (X, O, T), the contact angle size of the 
bearing, and on the distance between the bearings 
arranged in the node. The temperature dilatation of the 
spindle can be described by the equation: 

 (8) 
The optimal bearings separation distance from the 
temperature point of view can be deduced from: 
 

 (9) 
 
Fig. 5 shows the change in the optimal bearings distance 
at various temperature values for the analyzed SHS. 
 

0

50

100

150

200

250

300

350

400

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

5

10

15

20

25

30

35

40

0

∆

Bm  (mm) Fp (N)

t ( st C)

∆

∆t )Bm =f (

Fp =f (   t), Bm =27mm∆ ∆

tI = 70 stC, to= 20 stC
tA = tI -
Bearings B 7016 CTB 

∆ t 

Bearings arrang.: O

 
 

Fig.5. The dependence of changes in the preloading of 
the bearings and in the ideal distance between bearings 
according to temperature conditions in the bearings - 

arrangement system 
 
4. EXPERIMENTAL RESEARCH 
 
Theoretical results and hypotheses must be verified by 
experimental tests.  
 

4.1. Research of bearing nodes characteristics 
 

In some cases, it is very difficult or impossible to gain 
experimental results from real constructions. This led us 
to develop an experimental device for research into 
spindle bearing nodes (arrangement) characteristics. Our 
department has developed an experimental device that can 
measure: 
1. changes in the bearing contact angle at its mounting, 

change of loading, change of revolving frequency, 
2. deformation from axial and radial loading for various 

preload arrangements, contact angles and bearing 
nodes revolving frequencies settings 

3. increases in the temperature in the bearing nodes at 
various settings 

4. dimension cutting forces in bearing nodes 
The variation of the stiffness of the bearing arrangement 
B7216 CATB P4 O UL is shown in Fig. 7. The stiffness 
variation was studied with a 25% change of parameters. 
Nominal value of bearing arrangements: z1, z2= 14, dw1, 
dw2 = 19,05 mm,   α1, α2 = 12º, Fp =340 N. 

 
 

Fig.6. Experimental device – our patent 
 

 
 

Fig.7. Radial stiffness of the bearing node 
 
4.2. New design of headstock 
 

The double supported spindle, driven by two motors, Fig. 
8 is the essence of the "Duplo" headstock construction. 
The spindle (1) with built-in armature (2) is supported by 
bearings (3), (4). The stator of the internal motor (5) is 
supported on bearings (7), (8). The clutch (9) connects a 
hollow shaft with an external electro-motor (10). The 
stator feeding rings (11) are located in the rear part of the 
shaft. The clutch (12) enabling the switching of working 
modes is located in the front part of the shaft. The 
advantage of this innovative design, which is already in 
use is that the headstock can work in three individual 
modes: 

 stator is engaged on spindle 
 stator is engaged on body 
 no engagement 

 

 
 

Fig.8 High-speed headstock "Duplo" – our patent 
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5. EXPERIMENTAL RESEARCH 
 
5.1. The new Headstock Construction of Turning 

machine Tools 
 
Slovak manufacturer of machine tools, TRENS a. s. 
Trenčín, offers a new generation of lathes implementing a 
number of technological advances in the design, 
production and control systems of these machines. Our 
Department of Production Engineering has been used for 
designing the highly accurate running spindle on the SBL 
500 CNC lathe (Fig. 9).   
The results of the aforementioned application programme 
(Spindle Headstock) were verified with other results 
obtained from real use of the headstocks by manufacturers 
of machine tools, TOS Lipník, TOS Kuřim, SKF, GMN 
and INA Skalica. 
 

 
Fig.9. CNC Lathe SBL 500 
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Abstract: Obtaining an optimal design of single-row 
tapered bearings is very important because they 
dramatically influence the operating accuracy and all 
sorts of costs of the machines in which they operate. But 
sometimes obtaining an optimal design is a difficult task 
to be accomplished. In the present paper to solve this 
optimal design problem the Evolutionary Algorithms are 
used and two optimization problems addressed: the first 
considers three genes (when all constant geometric 
parameters from ISO 355:-2007 are taken into account), 
while the second involves five genes (when also the 
contact angle and the inside diameter of cup back face 
are considered as variables). For both optimization 
problems the same traditional objective function is 
maximized: the basic dynamic radial load rating, Cr. 
 
Key words: rolling bearings, mono-objective 
optimization, Evolutionary Algorithms. 
 
 
1. INTRODUCTION 
 
There are many types of rolling bearings that are usually 
classified according to their design features and uses. The 
direction of the main load allows to distinguish radial 
bearings from axial bearings, while the shape of the 
rolling elements set part ball bearings and roller bearings. 
Among the radial roller bearings a particular and very 
important place is occupied by single (Fig. 1) or multi-
row tapered roller bearings. 
There are many scientific papers dealing with 
optimization of different machine elements, but there are 
very few articles available on the optimization of rolling 
bearings. Charabotry et al. [1] describes the optimization 
of a ball bearing having five design parameters using 
genetic algorithms. The objective of the problem was to 
maximize the bearing fatigue life. Also Rao and Tiwari 
[4] developed a mono- objective optimal design 
methodology for ball bearings using genetic algorithms. 

Also in this case, the objective function was the 
maximization of lifetime, given a set of constraints. 
Gupta, Tiwari, and Nair [2] described a multi-objective 
optimization problem. The three objectives were: the 
maximization of the dynamic and static capacities and, 
the minimization of the elastohydrodynamic film 
thickness. All of these functions were optimized 
separately, pair-wise and simultaneously using the well 
known multi-objective optimization algorithm NSGA II 
(Deb’s non-dominated sorting based genetic algorithm). 
 

 
 

Fig.1. Tapered roller bearing 
 

The authors of this paper did not find in the open 
literature any paper dedicated to the optimal design of 
tapered roller bearings. This paper presents two different 
optimizations of the same single-row tapered roller 
bearing: 32932. The difference between the two 
optimizations lies in the number of genes used: three in 
the first case, five in the second scenario. The reason for 
this approach is explained in section 5. Naturally, the aim 
of both optimizations is the maximization of the bearing 
life and, for this very reason, the basic dynamic load 
rating Cr is considered as the objective function of both 
optimization problems. 
 
2. EVOLUTIONARY ALGORITHMS 
 
An Evolutionary Algorithm (EA) is a subset of 
Evolutionary Computation, a generic population-based 
metaheuristic optimization algorithm [8]. An EA uses 
some mechanisms inspired by biological evolution: 
reproduction, mutation, recombination, natural selection 
and survival of the fittest. Each optimization parameter xi 
is encoded into a gene using binary or real codes. The 
genes of all parameters x1, ... , xN form a chromosome 
which describes a unique design solution of the problem. 
A set of chromosomes – which form a set of distinct 
solutions – form a population amongst which the best 
individuals are selected – based on the fitness function – 
for reproduction. Recombination is made using 
specialized operators and from the combination of the 
genes of the parents result the offspring. The offspring 
(mutated or not) are inserted into the population and the 
described procedure begins again creating in this way an 
artificial Darwinian environment. Therefore, evolution of 
the population takes place after the repeated application of 
the above operators. In Figure 2 the scheme of a very 
simple EA is presented. 
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Fig.2. Principle of a simple Evolutionary Algorithm 
 
Although simple EAs (as Genetic Algorithms [6]) are 
very good to explore the solution space (since they search 
starting from a set of designs and not from a single design 
solution), their important drawback is that they are not 
well suited to perform a final finely tuned search. In order 
to avoid this shortcoming EAs are often enhanced with 
some Neighbourhood Search techniques as: Simulate 
Annealing, Threshold Accepting, Tabu Search, etc. In this 
way they become extremely powerful tools for solving 
problems of optimal design [7]. 
 
3. GEOMETRY OF SINGLE-ROW TAPERED 

ROLLER BEARINGS 
 
Table 1 contains the denotations which are used further to 
describe the main geometric parameters of the single-row 
tapered roller bearing. 
 
Table 1. Main denotations used in bearing geometry 
 

Symbol Parameter UM 
α Nominal contact angle degree 
β Roller (semi)angle degree 

Dmax Roller large-end diameter  mm 
Dmin Roller small-end diameter mm 
Dwe Roller mean diameter mm 
Dpw Pitch diameter of roller set mm 
Z Number of rollers – 
Lw Roller length mm 

Lwe 
Effective roller length applicable 
in the calculation of load rating mm 

 

As is very well-known, an important factor of the single-
row tapered roller bearing geometry is γ [3]: 
 

αγ cos⋅
pw

we

D
D=  (1) 

 

The authors of the present paper proved that for tapered 
roller bearings the following equation is valid: 
 

)sin(
costan
βα
αβγ

−
⋅=  (2) 

 

Proof: In Figure 3 the scheme of a tapered roller bearing 
is presented. Let us consider an arbitrary position x of the 
section through the cone that delimits the bearing roller. 
In this position, the roller diameter is Dx and the pitch 
diameter is Dpx. Moving the section position x along the 
cone of angle (α – β) one can describe any particular 

position of the roller section. This means that when, for 
example, Ox coincides with O2 then Dx becomes Dwe and 
Dpx is in lieu of Dpw. For any particular position of the 
section x a certain factor γx (defined in a similar manner as 
γ, but local) can be computed, as is shown below. 
 

 
 

Fig.3. Factor γ calculation 
 

In ∆ OPxAx (OPx is perpendicular to PxAx):  
 

βtan
2

⋅x
x =OPD  (3) 

 

In ∆ OPxQx (OPx is perpendicular to PxQx):  
 

)sin(
2

βα −⋅x
px =OP

D
 (4) 

 

Dividing the above two equations it yields: 
 

constant
)sin(

tan
=

− βα
β=

D
D

px

x  (5) 

 

Now, for any position x of the section through the roller 
cone, the complex factor γx is: 
 

constant
)sin(

costancos
=

−
⋅⋅

=
βα
αβαγ =

D
D

px

x
x  (6) 

 

But if, in the above equation, one substitutes Dwe and Dpw 
with Dx and Dpx, respectively, it is possible to obtain the 
well-known equation of factor γ: 
 

pw

we

D
D αγ cos⋅

=  (7) 

 

In conclusion, for tapered roller bearings, the factor γ may 
be calculated in any section x of the roller cone (not only 
in the mid-section) and, more, it has a very simple 
equation. It is function only of the angles α and β: 
 

)sin(
costan
βα
αβγ

−
⋅=  (8) 

 

The last two equations permit to compute the value of Dpw 
that has to be input in our software in order to get the true 
value of factor γ: 
 

β
βα

γ
α

tan
)sin(cos −

⋅⋅= wepwwepw =DDorDD  (9) 
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Fig.4. Tapered roller bearings having the same angles α 

and β share the same factor γ 
 
Furthermore, as one can observe in Figure 4, two or more 
different taper roller bearings, but having the same angles 
α and β, share the same value of factor γ, which means the 
same value of factor fc. 
Returning to the bearing geometry, in Figure 5 the main 
geometric parameters of a single-row tapered roller 
bearing are presented. 
 

 
 

Fig.5. Geometric elements of a tapered roller bearing 
 
Other important geometric parameters of a single-row 
tapered roller bearing are listed below: 

 Inside diameter of cup front face: 
 

αtan22 C=ED +  (10) 
 

 Cone raceway maximum diameter DA1: 
 

)2tan(
tan

)(2 11 βα
α

−⋅⎥⎦
⎤

⎢⎣
⎡ +−

ELT=D AA  (11) 

 

 Roller large-end diameter: 
 

)sin(
sin

1max βα
β
−

⋅A=DD  (12) 

 

 Cup raceway maximum diameter DB1: 
 

β
α

sin
sin

max1 ⋅=DDB  (13) 

 

 Cone raceway minimum diameter DA3: 
 

)2tan()(2 3113 βα −⋅−−− AAAA LLB=DD  (14) 
 

 Roller small-end diameter: 
 

1

3
maxmin

A

A

D
D=DD ⋅  (15) 

 Cup raceway minimum diameter DB3: 
 

1

3
13

A

A
BB D

D=DD ⋅  (16) 

 

 Roller mean diameter: 
 

2
minmax DD=Dwe

+  (17) 
 

 Bearing pitch diameter: 
 

γ
αcos

⋅pwpw =DD  (18) 

 

 Roller length: 
 

( )βα
β

2cos
cos)( 31 −

⋅−− AAw LLB=L  (19) 

 

 Radius of spherical tip of roller large-end: 
 

βsin2
maxD=R  (20) 

 

 Number of rollers (assuming that the minimum 
thickness of cage bridge δc between two consecutive 
rollers on the pitch circle is 3.5 mm, Fig. 6): 
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π
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Fig.6. Rollers distribution along the pitch circle 
 
4. CONE FIXED GUIDE FLANGE LOADS 
 
Single-row tapered roller bearings usually have a fixed 
guide flange on the cone which is loaded through the 
roller large-end (Fig. 7 and Fig. 8). 
If only a radial load Fr is applied on the bearing, the force 
Qir will act on the roller (Fig. 7), and the following static 
equilibrium equations can be written: 
 

⎪⎩

⎪
⎨
⎧

=⋅−−⋅+

=⋅−+−⋅

0cos)tan(

0sin)2tan(

αβα

αβα

orfarir

orfarir

QQQ

QQQ
 (22) 

 

Where 
Qfar  –  axial load acting on the guide flange due to the 

radial load Qir; 
Qor  –  normal load between the cup and the roller due 

to the radial load Qir. 
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Fig.7. Radially loaded roller 
 

 
 

Fig.8. Axially loaded roller 
 
Solving the system yields: 
 

)2cos(
)cos(sin2

βα
βαβ

⋅−
−

⋅irfar =QQ  (23) 

 

Analogously, if only an axial load Fa is applied on the 
bearing, the force Qia will act on the roller (Fig. 8), and 
the force loading the fixed guide flange Qfaa in the axial 
direction is given by: 
 

)2sin(
)cos(sin2

βα
βαβ

−
−

⋅iafaa =QQ  (24) 

 

Since almost always the single-row tapered roller 
bearings are subjected to combined loads (radial and 
axial) the axial load acting on the guide flange Qsum is: 
 

( )[ ]iairsum QQ=Q +−⋅
−

− βα
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βαβ 2tan
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)cos(sin2  (25) 

 

Summing the above equations for all bearing rollers, the 
axial load acting on the guide flange yields: 
 

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+−⋅

−
− ∑∑

==

Z

j
iaj

Z

j
irjfara QQ=F

11
2tan

)2sin(
)cos(sin2 βα

βα
βαβ  (26) 

 

Obviously, the axial load that acts on the bearing flange 
due to a radial load Fr and axial load Fa is: 
 

( )[ ]arfara FF=F +−⋅
−

− βα
βα

βαβ 2tan
)2sin(

)cos(sin2  (27) 

 

We will consider this load concentrated in a single point 
situated at the extremity of the guide flange (on diameter 
DM1, Fig. 5). In order to cover all bearing working 
conditions the next step in our approach, is to find the 
maximum value of this load. Considering that the bearing 
is statically loaded so that the ratio C0r / P0r equals the 
static safety factor (according to ISO 76:2006 [10]) the 
following equation can be written: 

r
r

a F
Y
X

YS
C=F ⋅−

0

0

00

0  (28) 

 

where 
C0r  –  basic static load ranting; 
X0  –  static radial load factor; 
Y0  –  static axial load factor; 
S0  –  static safety factor. 
Substituting equation (28) in equation (27): 
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Since, in this case, the coefficient of Fr in the above 
equation is negative, the maximum value of Ffara is 
obtained when Fr = 0. Consequently, the final form of 
Ffara is: 
 

rfara C=F 0)2sin(
tan)cos(sin2

33
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⋅
−
−

⋅
βα
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In order to calculate the Hertzian stress between the roller 
spherical tip and the fixed guide flange, the load Qfra will 
be considered and calculated by the equation (only 80% 
of rolling elements are taking the load): 
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fra C
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33
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With such loads: 
 The maximum value of shear stress in the section of 
the cantilevered flange is: 

 

f

fara
f S

F
=τ  (32) 

 

where 
Sf  –  shearing surface; 
 

The final form of equation (32) is: 
 

( )5.011 −⋅ AA

fara
f LD

F
=
π

τ  (33) 

 

 The maximum value of the bending stress in the 
section of the cantilevered flange is: 

 

z

i
i

W
M=σ  (34) 

 

where 
Mi  –  bending moment; 
Wz  –  section modulus. 
 

This way, the final form of equation (34) is: 
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βαγ
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−−−
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 The maximum Herztian pressure between the roller 
spherical large-end tip and the flange plane surface is 
given by the following equation: 

 

3 22max_
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Q
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where 
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E E
=C

212 ν−
⋅  (37) 

 

Ey  –  Young’s modulus, Ey = 2.08 · 105 MPa; 
ν  –  Poisson’s coefficient, ν = 0.3. 
 
5. CONE FIXED GUIDE FLANGE LOADS 
 
The optimization was performed for two cases. The first 
one considers three design variables: dimensions LA1 and 
LA3 and the taper roller angle β (see Fig. 5). All of other 
bearing geometric parameters (including the contact angle 
α and the inside diameter of cup back face E) were set 
according to ISO 3 
55: 2007 [11]. In the second optimization problem five 
design variables are used: the three of the first case, plus, 
the contact angle α and the inside diameter of cup back 
face E. The range within which the contact angle value is 
expected corresponds to the series 2 (to which the bearing 
32932 belongs to) from ISO 355: 2007. For both cases the 
objective of the optimization problem is the basic 
dynamic load rating which has to be maximized. 
This approach was chosen because we think that the 
contact angle α is one of the most important factors that 
may significantly influence the value of the basic dynamic 
load rating of tapered roller bearings. As for the bearing 
32932, ISO 355: 2007 sets α = 13°, which means a value 
very close to the upper limit of the range of series 2 (from 
the same standard): 10º …13º 52’. We intended to verify 
how far this value is from the value corresponding to the 
maximum basic dynamic load rating. 
 

5.1. Input Data 
 

The geometry of the single-row tapered roller bearing 
32932 is presented in Fig. 9 and in Table 2. These values 
of the bearing main dimensions represent the input data 
for both optimizations. Note that the fixed values of E and 
α are used only for this first optimization. For the second 
optimization the input data are the same as in the first 
optimization problem without E and α, which will become 
genes. 
 
Table 2. Input data for the optimization problems 
 

Dimension Value UM 

Cone width B = 38 mm 

Inside diameter of cup back 
face E = 197.926 mm 

Cup width C = 30 mm 

Contact angle α = 13 degree 

Bearing width T = 38 mm 

Bearing bore diameter d = 160 mm 

Bearing outer diameter D = 220 mm 

 
 

Fig.9. Main dimensions of bearing 32932  
 

 

5.2. Design Variables 
 

In the first case the internal geometry of the single-row 
tapered roller bearing was uniquely described by means of 
only three genes which are presented together with their 
range, type, and precision in Table 3. 
 
Table 3. Design variables for the first case 
 

No Gene Range Type Precision
1. β 0.1…5 Real 10-3 
2. LA1 3…10 Real 10-1 
3. LA3 5…10 Real 10-1 

 
In the second case the bearing internal geometry was 
described using five genes which are presented together 
with their range, type and precision in Table 4. 
 
Table 4. Design variables for the second case 
 

No Gene Range Type Precision 
1. β 0.1…5 Real 10-3 
2. LA1 5…10 Real 10-1 
3. LA3 3…10 Real 10-1 
4. α 10 º …13º 52’ Real 10-3 
5. E 180..205 Real 10-3 

 
5.3. Objective Function 
 

The objective function is the basic dynamic load rating 
(according to ISO 281:2007 [9]), which should be 
maximized: 
 

( ) max→⋅⋅⋅⋅= 27
29

4
3

9
7

cos wewecmr DZLifbC α  (38) 
 

where 
bm – rating  factor  for  contemporary, commonly 

used, high quality hardened bearing steel in 
accordance with good manufacturing practices, 
the value of which varies with bearing type and 
design (bm = 1.1 for tapered roller bearings); 

i –  number of rows of rolling elements; 
Lwe  –  effective roller length; 
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fc  – factor which depends on the geometry of the 
bearing components, the accuracy to which the 
various components are made, and the material. 
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5.4. Constraints 
 

This section summarizes the constraints of the 
optimization problems. As common knowledge, the 
constraints reduce the parameter space to the feasible 
parameter space. In the first optimization case we 
identified nine constraints, as follows: 
C1. The maximum hoop stress σhoop along inner ring 
cross-section (for interference I = 0.1 mm and Young’s 
modulus Ey = 2.08 · 105 MPa) must be less than or equal 
to the allowable hoop stress: 
 

( )
MPa150

2 _
3

22
3 =≤
−

= allhoop
A

Ay
hoop Dd

dDIE
σσ  (40) 

 

C2. The maximum Hertz stress σH_max along the contact 
between roller and the cone guide flange has to be less 
than or equal to the allowable Hertz stress: 
 

MPa1000_max_ =≤ allHH σσ  (41) 
 

C3. The maximum bending stress σi for the guide flange 
has to be less than or equal to the allowable bending 
stress: 
 

MPa90_ =≤ allii σσ  (42) 
 

C4. The maximum shear stress τf for the guide flange has 
to be less than or equal to the allowable shear stress: 
 

MPa45_ =≤ allff ττ  (43) 
 

C5. The inside diameter of outer back face E has to be 
less than or equal to DB3: 
 

3BDE ≤  (44) 
 

C6. The cone guide flange outside diameter DM1 has to be 
greater than or equal to a certain value (δdmin = 26 mm): 
 

1min MDdd ≤+δ  (45) 
 

C7. The value of the dimension FG (see Fig. 3) has to be 
greater than or equal to an imposed value: 
 

mmFGFG 4min =≤  (46) 
 

C8. The cup front face inside diameter has to be greater 
than or equal to DB1: 
 

21 DDB ≤  (47) 
 

C9. The diameter DA4 has to be greater than or equal to an 
imposed value (δdamax = 10 mm): 
 

4max Aa Ddd ≤+δ  (48) 

The second optimization problem contains the above nine 
constraints and also the following two: 
C10. The contact angle α has to be greater than or equal 
to 2β: 
 

αβ ≤2  (49) 
 

C11. The cup front face inside diameter has to be less 
than or equal to an imposed value (∆Dmin = 8 mm): 
 

min2 DDD ∆−≤  (50) 
 
6. RESULTS AND CONCLUSIONS 
 
In order to solve the above illustrated optimization 
problems the Cambrian optimization platform was used. 
This powerful software (developed within the Optimal 
Design Centre of the Technical University of Cluj-
Napoca, Romania) encompasses a large number of 
classical and original EAs. Since Cambrian platform is 
designed for minimization, the optimization function was 
the ratio 106/Cr. 
After solving the first optimization problem the following 
values of the three genes were obtained (Table 5): 
 
Table 5. Solution of the first optimization problem 
 

Gene Value (after the 1st optimization) UM 
β 1.061 (1º 3’ 40’’) degree

LA1 7.3 mm 
LA3 4.8 mm 

 
Table 6. Design variables of the first optimal solution 
 

Parameter Symbol Current 
design 

Optimal 
design (1) UM

Roller large-
end 
diameter  

Dmax 13.61 17.323 mm 

Roller 
small-end 
diameter 

Dmin 12.877 16.346 mm 

Roller mean 
diameter Dwe 13.24 16.835 mm 

Number of 
rollers Z 36 29 – 

Roller 
length Lw 25.5 26.37 mm 

Complex 
factor γ 0.067 0.087 – 

Basic 
dynamic 
radial load 
rating 

Cr 247.947 293.408 kN 

 
The value of the basic dynamic load rating obtained after 
optimization is: 
 

Cr = 293.408 kN 
 
In Table 6 the main geometrical and functional 
parameters of the optimal and current bearing design are 
presented side by side. As one can see, after the first 
optimization the performance of the bearing increases 
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compared to the current design (the value of the basic 
dynamic load rating is 13% higher). Even if the present 
solution is very good, the improvements made through 
this first optimization are significant. The main 
dimensions of the optimized (first case) single-row 
tapered roller bearing are shown in Fig. 10. 
 

 
 

Fig.10. Geometry of the optimized single-row tapered 
roller bearing (first case) 

 
In Table 7 the values of the five genes obtained after 
solving the second optimization problem are presented: 
 
Table 7. Solution of the second optimization problem 
 

Gene Value (after the 2nd optimization) UM 
β 0.891 (0º 53’ 28’’) degree 

LA1 7.2 mm 
LA3 4.7 mm 
α 10.008 degree 
E 201.411 mm 

 
Table 8. Design variables of the second optimal solution 
 

Parameter Symbol Current 
design 

Optimal 
design (2) UM

Roller large-
end diameter  Dmax 13.61 18.9 mm 

Roller small-
end diameter Dmin 12.877 18.08 mm 

Roller mean 
diameter Dwe 13.24 18.49 mm 

Number of 
rollers Z 36 27 – 

Roller length Lw 25.5 26.368 mm 
Complex 
factor γ 0.067 0.096 – 

Basic 
dynamic 
radial load 
rating 

Cr 247.947 315.329 kN 

 
The value for the bearing basic dynamic load rating 
obtained after the second optimization is: 

 
Cr = 315.329 kN 

 
Also, after solving the second optimization problem the 
performances of the single-row tapered roller bearing 

were remarkably increased compared to both current 
design and first optimized solution. In Table 8 the main 
geometrical and functional parameters of the optimal 
(second case) and current designs are presented side by 
side. The value of the basic dynamic load rating was 
increased by 21% compared to with the current solution 
and by about 8% in comparison with first optimal 
solution. A schematic representation of the optimized 
single-row tapered roller bearing (second case) is 
presented in Figure 11. 
 

 
 

Fig.11. Geometry of the optimized single-row tapered 
roller bearing (second case) 

 
If one compares the two optimal solutions, it is easy to 
notice that the major difference between them lies in the 
values of the contact angle. From this point of view the 
two optimal; solutions are completely different. The 
maximum value of basic dynamic load rating (second 
case) is reached when α is at the opposite side of the 
range of series 2 in comparison with the first case. But a 
tapered roller bearing with a stepper contact angle (13º) is 
more suitable to withstand larger axial loads than one 
with a lower value of α (10º) and yet the maximum basic 
dynamic load rating is obtained for lower contact angle. 
These facts are somehow contradictory. The authors’ 
opinion is that even if the traditional approach 
(maximizing the basic dynamic load rating) works well in 
the case of deep groove ball bearings, cylindrical roller 
bearings, etc. in the case of tapered roller bearings it is not 
as good as it seems and a new approach has to be devised. 
Single-row tapered roller bearings are used in different 
working conditions (various axial and radial load 
combinations) and in the above optimization problems 
this aspect is not considered. In the future taking into 
consideration a large range of load combinations, 
performing the optimization accordingly, will be crucial. 
This way the resulting optimal design of the single-row 
tapered roller bearing will be for sure more realistic and 
also suitable for many different working conditions. 
Due to their specific structure and the phenomena 
involved during their operation, it is very possible that a 
single objective is not enough to construct the 
optimization problem. Even if increasing the number of 
objective functions of the optimization problem implies 
the use of adequate and more complicated EA 
optimization tools, when successful the effort will be 
amply rewarded. 
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ANALYZING CONTACT STRESSES OF 

ROLLING BEARINGS FOR LARGE 
VALUES OF THE EQUIVALENT LOAD 
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Abstract: This paper deals with accurate geometric 
models of rolling bearing components in the CAD system. 
This model is then employed to create a static structural 
analysis used to determine the size of stress between the 
components of a rolling bearing. Following the stress 
analysis, we specify the maximum load of a rolling 
bearing with regards to durability thereof. 
 
Key words: roller bearing, maximum load, subsurface 
stress, von Mises stress, shear stress 
 
 
1. INTRODUCTION 
 
Numerical simulations of rolling bearings are currently 
predominantly based on the Hertz theory of contact stress 
of two objects, which is based on pressure calculation in 
areas of contact of rollers and raceways of bearing rings. 
This method, however, does not take into account the 
precise geometry of objects and their influence on stress 
distribution in rolling bearings. This article details a 
method permitting the creation of a realistic model of 
tapered roller bearing which will subsequently be used in 
a static structural analysis with the aim of determining the 
influence of operation process parameters under high load 
using the finite element method. A tapered roller bearing 
with inner diameter of 460 mm and 39 rolling elements 
has been selected for the aforementioned analysis. 
 
2. CREATION OF A 3D VIRTUAL MODEL 

OF TAPERED ROLLING BEARING 
 
Pro/ENGINEER Wildfire, manufactured by PTC 
Corporation, has been used to create the 3D virtual model 
of the tapered rolling bearing. The bearing geometry was 
defined so as to reflect real-life production conditions, 
including all construction elements, such as concave 
roller, precise radii of profile curves, etc. This was 

necessary to assure the correct analysis of contact 
pressures and evaluate subsurface stress. 
The distribution and magnitude of contact pressure 
depends on the geometrical shape of contact rollers. 
Rolling bearing manufacturers aim to optimize the shape 
of individual elements so as to assure optimal contact 
pressure and subsurface stress distribution. However, the 
manufacturers must also take into account limitations 
pertaining to the manufacturing process and technological 
possibilities. The manufacturing drawing defines the basic 
profile geometry and includes geometrical and shape 
tolerances reflecting the manufacturing process 
limitations. Fig. 1 shows a schematic view of the profile 
of the analyzed bearing with inner ring diameter d460, 
consisting of three circular arcs. 

 
Fig.1. Profile curve of d460 tapered roller bearing 

Static structural analysis of the tapered roller bearing was 
performed using Ansys/Workbench, allowing the import 
of geometry from the Pro/ENRINEER system. The 
interconnection between Pro/ENGINEER and 
Ansys/Workbench is advantageous (fig. 2), allowing for 
the modification of model geometry and position by 
changing relevant parameters. The Workbench 
environment retains the analysis definition (definition of 
border conditions, load forces, etc.) and whole post-
processing process (evaluation of analysis results). 

 

Fig.2. Section of bearing model d460 constructed in CAD 
system ProENGINEER and subsequently imported into 

CAE system Ansys/Workbench 

3. DEFINITION OF STATIC ANALYSIS OF 
TAPERED ROLLER BEARING USING 
FEM IN ANSYS/WORKBENCH SYSTEM 

 
Choice of appropriate mesh element size is necessary in 
order to correctly analyze the contact pressure between 
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the roller and roller raceway of outer and inner ring and 
analysis of subsurface stress. The FEM model mesh for 
contact pressure analysis should be defined by a minimum 
of 5 nodes per half width of contact area b1/2. Mesh 
density along contact profiles has been defined as 3 times 
the element size along the width of contact area in order 
to decrease the finite element model computational 
requirements. [1].  

 
Fig.3. FEM mesh of section of tapered roller  

bearing d460 

Volume meshing of imported CAD geometry has been 
performed in Ansys/Workbench using Solid185 element 
type (fig. 3). Individual bearing elements are in contact 
because forces acting upon the bearing are transferred 
between rings (their raceways) and individual rollers. 
CONTA174 and TARGE170 element types have been 
employed in Ansys/Workbench to define areas of contact 
between two rollers. 
The tapered roller bearing d460 model has been defined 
in half symmetry of one roller section (360°/39/2) by two 
planes of symmetry defined via two coordinate systems 
with axis z perpendicular to the plane of symmetry.  
Multiple contact types – connections between individual 
rollers have been defined on the finite-element d460 
bearing model. Areas between volumes, representing 
contact volumes of the roller with outer and inner ring, 
have been defined as Frictional and the coefficient of 
friction has been set to 0.1. The same contact type has 
been defined between the face of the roller and inner ring 
support area. Forces acting on the tapered roller bearing 
result in contact between the face of the roller and surface 
axial force components at inner bearing ring.  

 
Fig.4. Model of tapered roller bearing d460 with defined 

border conditions 

Border conditions for the static analysis of d460 bearing 
have been refined as follows (fig. 4.):  

 removal of one degree of freedom in direction of z 
axis in cylindrical coordinate system of the front 
surface of inner ring (axial force retention), 

 removal of one degree of freedom in direction of z 
axis in Cartesian coordinate system from the face of 
the roller due to roller stabilization [3]. 

Bearing load condition has been simulated by applying 
axial force in the z axis direction (cylindrical coordinate 
system) onto the front area of housing and distributed into 
multiple load steps. 
 
4. LOAD-BEARING CAPACITY 
 
Rolling bearings and their components can be subjected to 
load stress until reaching a point where external loading 
forces cause plasticity or permanent deformation. The 
total loading capacity of rolling bearings depends on the 
geometry of individual components, the material used, 
chemical and thermal treatment and distribution of 
subsurface stress. In order to determine the maximum 
loading capacity of rolling bearings using FEM analysis, 
we must employ non-linear material models for individual 
bearing components. Because raceways of bearing rings 
and the surface of rollers are hardened, when compared to 
cores of bearing components, it is necessary to use 
various material models reflecting the bearing material 
parameters after chemical and thermal treatment. In our 
FEM model of tapered roller bearing d460, we used 
Bilinear Isotropic Hardening material model, defined by 
Young modulus, Poisson number, yield point and tangent 
modulus. Table 1 lists values of materials models for 
bearing steel OVAKO 100Cr6. The material model for 
hardness 58HRC corresponds to the resulting martensitic 
steel structure after hardening. 

Table 1. Values of materials models Bilinear Isotropic 
Hardening for bearing FEM model 

 
Material hardness model for steel 58HRC has been used 
for elements of raceways of bearing rings and surface of 
roller depth 2.X mm. Cores of bearing components have 
been modeled using mode 30HRC based on production 
technology of the tapered roller bearing d460. 

  
Fig.5. Distribution and magnitude of Equivalent Plastic 

Strain of tapered roller bearing d460 for various bearing 
loads 

Maximum equivalent load force Pe=1.5*Cr has been 
applied to the tapered roller bearing d460 model with the 
aim of determining the maximum permissible load force 
without permanent deformation of the bearing. Equivalent 
Plastic Strain (EPS) was evaluated post-analysis and we 
determined that the maximum load force of the tapered 
roller bearing under given boundary conditions is up to an 
equivalent load force Pe=1.1*Cr, beyond which plasticity 
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of bearing components occurs (fig. 5). Right hand side of 
the table lists EPS values (mm/mm) for different loading 
values of tapered roller bearing d460. 
The subsequent chapters detail the analysis of surface and 
subsurface stress of the FEM model of tapered roller 
bearing d460 depending on the applied load force. Based 
on evaluation of various stress types, we can predict the 
projected service life-time of a given rolling bearing 
under certain boundary conditions and optimize 
construction thereof in view of extending the service life-
time. 
 
5. STATIC ANALYSIS RESULTS – CONTACT 

PRESSURE 
 
The aim of this analysis was to determine the effect of 
load on the contact pressure at contact locations between 
the roller and inner and outer bearing ring. Distribution 
and magnitude of contact pressure depends on the 
geometrical shape of contact rollers. The analyzed tapered 
roller bearing d460 consists of rollers with a profile 
defined by three circular arcs. The dimensions of profile 
geometry include manufacturing tolerances since even 
cutting edge bearing manufacturing technologies are 
unable to deliver ideally precise geometry. Numerical 
simulations must be therefore be conceived so as to take 
into account the said manufacturing tolerances.  
Fig. 6 and 7 show the distribution of contact pressure at 
raceways of outer and inner ring of bearing d460 due to 
axial loading. 

 
Fig.6. Distribution of contact pressure at raceway of 
inner ring(up) and raceway of outer ring (down) – 

bearing d460 

The analysis result details the influence of load force size 
on the distribution of contact pressure and is presented 
graphically. For better representation, the value of contact 
pressure has been subtracted from nodes of the finite 
element mesh in locations of maximum contact pressures 
at raceways of bearing rings, that is from points lying in 
the plane of symmetry (z=0). 

 

 
Fig.7. Contact pressure along the roller profile at 

raceway of outer ring (up) and at raceway of inner ring 
(down) – bearing d460 

of outer ring (left) and at raceway of inner ring (right) – 
bearing d460 
The analysis result details the influence of load force size 
on the distribution of contact pressure and is presented 
graphically. For better representation, the value of contact 
pressure has been subtracted from nodes of the finite 
element mesh in locations of maximum contact pressures 
at raceways of bearing rings, that is from points lying in 
the plane of symmetry (z=0). 
It is evident from fig. 7 that the maximum contact 
pressure is present at contact locations between rollers 
and inner bearing ring. Table 2 lists the maximum values 
of calculated contact pressures depending on applied load 
force.  

Table 2. Maximum values of contact stress at raceways of 
bearing rings 

 
When considering an equivalent load force higher than 
Pe=0.5*Cr , the ISO 281 standard imposes a loading limit 
in the rating life equation, because the said equation gives 
satisfactory results for a wide load force, however too 
high a load could result in undesirable plastic deformation 
of contact areas between rollers and raceways of rings [2]. 
In view of the previous, it is necessary to conduct a 
detailed analysis of subsurface stress of rollers and 
bearing rings. 
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6. STATIC ANALYSIS RESULTS – von MISES 
STRESS 

 
Numerous applications require the use of rolling bearings 
under load conditions exceeding 0.5 times the basic 
dynamic load capacity. However, a loading limit exists 
beyond which the rolling bearing might experience 
undesirable plastic deformations of raceways of bearing 
rings or rollers [2]. Criterion of equivalent stress or von 
Mises stress is used to ascertain whether the yield point 
(plastic deformation) has been reached due to excess 
stress.  
Fig. 8 shows the von Mises stress distribution in areas of 
contact between the roller and raceways of rings of 
bearing d460. 

 
Fig.8. Von Mises stress distribution along the profile of 

tapered roller bearing d460 

 

 
Fig.9. Dependence of von Mises stress (outer ring up, 

inner ring down) on equivalent bearing load 

The magnitude of subsurface von Mises stress is different 
along the line contact of two different rollers and depends 
on the magnitude of contact stress between the said rollers 
in contact (fig. 9). The performed analysis has shown that 

maximum von Mises stress is located in the plane of 
symmetry at a depth of 0.446 mm under the surface. Paths 
were defined along the said depth and von Mises stress 
was evaluated. 
Von Mises stress maxima along the roller profile are 
located at profile curve discontinuities. Additional paths 
were defined in the symmetry plane, normal to the axis of 
the roller, to achieve true analysis of the von Mises 
maxima (fig. 10) due to different depths under the surface 
(wherein these are present) along the roller profile. The 
necessary case depth at raceways of bearing rings and 
rollers is determined based on the mentioned stress 
analysis and stress is evaluated at the boundary plane of 
base bearing material and case depth. 

 

 
Fig.10. Dependence of subsurface von Mises stress (outer 

ring - roller up, inner ring-roller down) on equivalent 
bearing load 

Table 3 lists maximum von Mises stress values calculated 
for tapered roller bearing d460 depending on the applied 
loading force.  

Table 3. Maximum equivalent von Mises stress based on 
applied bearing load 

 
 
7. STATIC ANALYSIS RESULTS – SHEAR 

STRESS τyz 
 
Hertz equations are predominantly used to analyze 
contact stress, taking into account static pressure loading 
of contact areas. However, most machine components are 
moving and their contact areas are sliding or have a 
tendency to do so. Sliding causes frictional forces which 
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in turn cause shear stress at contact areas, in addition to 
normal pressure load. This results in a complex stress 
state around the contact areas. 
Insufficient analysis of contact stress could lead to 
erroneous design of machine components, causing 
component failure due to premature material surface 
fatigue. This type of damage in most commonly 
characterized by pitting, crumbling or flaking and disrupts 
the machine workflow and introduces additional stress, 
which can result in fractures [1]. 
Material fatigue in rolling bearings usually manifests 
itself as pitting, observed at rollers or raceways of bearing 
rings. Pitting subsequently causes shear stress due to 
frictional forces between contact areas. Fatigue lifetime of 
rolling bearings can be determined by analyzing shear 
stress (based on Wohler curves or S-N material curves). 
Combined analysis of contact pressure, subsurface von 
Mises stress and shear stress portrays the complex stress 
state in contact areas between the rollers and bearing 
rings. 
We analyzed and evaluated shear stress in planes of 
maximum shear stress τyz [1]. The said planes are 
perpendicular to the cylinder axis for the contact pair 
cylinder-cylinder and perpendicular to roller axis in case 
of rolling bearings with line contact. Fig. 12 shows the 
distribution of subsurface shear stress located in contact 
areas between the roller and outer and inner bearing d460 
ring. Shear stresses create two symmetric pairs, have 
approximately the same magnitude and opposite signs. 
Their maxima are located under the surface and offset 
from plane of symmetry (fig. 11).  

 

Fig.11. Distribution of shear stress τyz at contact point 
outer ring – roller (up) and inner ring - roller (down) 

When the roller was contact with the outer ring, shear 
stress maxima were located at a depth of 0.36 mm under 
the surface and 0.6 mm from the plane of symmetry. 
When the roller was in contact with inner ring, maxima 
were located at a depth of 0.35 mm under the surface and 
0.61 mm away from the plane of symmetry.  
Fig. 12 shows the dependence of two shear stresses on 
magnitude of equivalent load  along the roller profile. 
Shear stress curves mimic the distribution of contact 
pressures along the profile in contact areas between the 
roller and bearing rings and maxima are located in 
discontinuities of the roller profile curve. 

 

 
Fig.12. Distribution of shear stress τyz located in contact 
areas between the roller and outer ring (left) and inner 

ring (right) depended on equivalent bearing load 

Table 4 lists maximum values of shear stresses τyz 
depending on the magnitude of equivalent loading of 
bearing d460. Shear stress analysis has shown that 
maximum shear stress is present at contact area between 
roller and inner bearing ring.  

Table 4. Dependence of shear stress of tapered roller 
bearing d460 on loading force 

 
 
8. CONCLUSION 
 
The aim of this article was to detail a method allowing the 
stress analysis of rolling bearings under equivalent loads 
higher than 0.5 times the basic dynamic load capacity. 
Based on this analysis we can determine the maximum 
load the bearing can repeatedly endure. Stress distribution 
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analysis, coupled with knowledge of operating conditions, 
inner construction of the bearing and load conditions can 
help predict the service life-time of the rolling bearing 
and can subsequently be used to optimize construction 
thereof. 
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Abstract: The main requirement for the gearboxes is a 
high load carrying capacity, but as a result of increasing 
of environmental awareness, and low sound excitation 
behavior becomes more and more important. Regarding 
this fact, it should be notice that the spectra of the emitted 
noise of gearboxes are in direct correlation with the 
modal response of their housings, which is consequence 
of excitation by the internal disturbances. Excitation of 
certain modal shapes (modes) depends on frequencies of 
the disturbances and the elastic deformations they cause. 
Modal damping of the modal vibrations, as a result of 
complex processes of the wave motion in the walls of the 
housing, is also a key parameter of the modal behaviour. 
In addition, modal behaviour, as characteristic structure 
property, is determined by the material properties (mass, 
stiffness and damping) and boundary conditions of the 
structure. Change of any of those characteristics leads to 
changes of modal behaviour. The aim of the paper is 
elaboration of the mechanism of excitation of natural 
vibrations of a gearbox housing including both the effects 
of excitation disturbances (direction and place of action, 
frequency, damping) and structure parameters (shape, 
dimensions, material) of the structure. Numerical and 
experimental methods were applied and their results 
allowed for analytical clarification of processes in elastic 
structure of system. 
 
Key words: vibrations, modal analysis, excitation, modes, 
gearbox 
 
 
1. INTRODUCTION 
 
A sound wave that is the gearbox noise is emitted from 
the housing walls into the surrounding. The housing 
surface also emits the sound which penetrates from the 

inner space through the walls, as well as the sound 
generated by the housing with its natural oscillation. From 
this aspect, the housing walls have a double role: to be an 
obstacle to penetration of sound waves from the inside, 
i.e. to be the insulator of inner (internal) sound sources 
and the generator of tertiary sound waves due to natural 
oscillation. Insulation properties sound of acoustic 
partitions, i.e. the housing walls are also in direct relation 
with modal properties (natural frequencies and shapes of 
oscillation). Therefore, it is very important to find an 
answer to the question what are possible modal shapes of 
the housing walls and under which conditions each of 
them can be excited. The way and conditions of excitation 
of natural vibration are, in this sense, of special interest. 
They are important, before all, because they will offer 
answers to many questions relating to penetration of 
sound waves through the housing walls. On the other 
hand, the "mechanism" of excitation of natural oscillation 
represents an unexplored field, which is the main aim of 
this paper. Phenomena and processes in elastic structure, 
which cause accoustic emission, are not adequately 
investigated. In the papers, which explore the basic 
processes, simplified models are used. In the other hand, 
the housings with real and complex geometry are 
investigated in the papers aimed at the direct application 
of the results. Varying schedule of ribs and determining 
their influences on acoustic emission of a gearbox are 
treated in [4, 5]. Tanaka et al. have developed a method 
for predicting gear noise. For calculating of sound 
radiation of a two-stage gearbox with helical cylindrical 
gears, they used  the results of FEM and commercial 
software. The authors in [5] work on the optimization  
noise of of two-stage gearbox by varying the position of 
the ribs and wall thickness at the position where are 
situated the bearings. In both articles, the whole gearbox 
is modeled. For the worm gear, Hubner et al. [2] have 
analyzed the influences: the size of the input torque, 
changes of direction, change of producer of shafts, and 
the natural vibrations of  the housing,  on  the general 
level of sound power. Planetary gearbox is treated in [3]. 
Authors determine the dynamic response and noise of the 
selected gearbox, using commercial software I-Deas to 
apply FEM. Inoue with colegues [6] has developed a 
methodology for the application of FEM (using elements 
of the plate) and the BKE in order to calculate the sound 
power which is radiated by a housing which have  shape 
of rectangular parallelepiped. He also proposes a program 
to determining the optimal thickness of the walls of the 
same model of housing [7, 8]. In [1], Inoue uses FEM and 
BKE to reduce vibration, and works on the optimization 
of simple forms of housing, by considering the influence 
of radius curves of the upper part of housing. Finally, with 
Yamanaka and Kihara [9] he  discusses the best position 
of ribs on the housing with thin walls, for purpose  
reducing vibration and noise. 
For the purpose of elaboration of procedure and 
conditions of excitement, i.e. for the purpose of defining 
rules of excitation, we have used the results of modal 
analysis by applying FEM, by using the method of direct 
integration within FEM and results of modal testing. 
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2. EXCITATION OF MODAL SHAPES OF 
THE GEARBOX HOUSING  

 
2.1. Modal analysis 
 

The mention research is realized on the example of a 
housing shown in Figure 1. It is a cast housing of a two-
degree gearbox, reinforced with ribs and rings for 
increasing stiffness. In relation to the overall dimensions 
of (760x500x260 mm) the walls have  relatively large 
thickness (15 and 20 mm). A complex shape was thus 
obtained having small sensitivity to excitation. As such, it 
offers a possibility for detection of all-important details in 
clarification of excitation mechanisms and nature of 
natural oscillation of each structure. 
Modified models of the housing were developed, with 
purpose to determine the influence of correction of Point 6 
structure on  its  modal response. By varying the thickness 
of the wall, placing the ribs or the their elimination, by 
changing the dimensions, materials and other properties is 
carried out variations of modal structures. Figure 1 shows 
the developed geometric models of gearbox housings, 
with thick and thin walls, with and without ribs, on which 
are studied conditions under which there is a modal 
excitation. 

 
 

Fig.1. Тhe chosen models of gearbox housing:  
a) basic, b) basic model without ribs, c) thin walls model, 

d) thin walls model without ribs, e) FE model 
 
Modal analysis of the given housing was performed by 
applying the finite elements method. The linear 3D-brick 
finite element with 12 degrees of freedom (three 
translations per each node) was used. For the basic model 

of housing, the finite elements mesh contains a total of 
6385 finite elements, 12950 nodes with 38850 degrees of 
freedom. For the frequency range of 0-3000Hz, 88 natural 
frequencies and modal shapes of oscillations is calculated. 
Some of them are presented in Fig 2.   
With increase in natural frequency, the shape of 
oscillation, i.e. deformations during oscillation become 
more complex. The structure is divided into a certain 
number of zones, which oscillate separately from one 
another with the same frequency. Waves propagate from 
the middle of every modal zone and get into "collision" at 
points, which represent "partitions" between these zones 
and zones by itself represent together stationary 
(standing) wave (Fig. 2). 

 
Fig.2. Distribution of deformations in modal shape of 
oscillation with frequencies f=693 Hz and 2504 Hz:   

 a) axonometric presentation, b) chosen section 
 
Sources of those waves are at the points of greatest 
displacements (middle of zone), and they, at points of 
nodal partitions (nodes) displacements, are close to zero. 
The stresses of these waves are also calculated and the 
values of stresses are opposite to displacement. Stresses 
are greatest at the points of nodal partitions that act as 
clamping (constraining), and they are smallest at the 
points of wave sources, where displacements are greatest. 
With purpose of determination of influences of shapes, 
thickness of walls, stiffness, mass of structures, on modal 
behaviour, the same procedure was applied on the other 
models (Fig. 1b,c,d). Calculated frequency (which is 
shown in Tabele.1), indicating a trend increase in the 
number of possible modal shapes, with a reduction in 
stiffness, wall thickness and mass. 
Reducing the thickness of the wall leads to an increase in 
number of modal zones on the walls that are deformed  
the during modal oscillations (Fig.3.a). In places where at 
certain frequencies is expected formation of nodes, add  
the  ribs  on  the structure increases the number of modal 
zones and reduces the maximum amplitudes of the 
oscillation (Fig. 3b). During the natural vibration of 
housing walls with frequencies 1407 Hz and 1373 Hz, the 
front and rear vertical walls are deformed with creating 
three nodes, on model with ribs, while on model without 
ribs smaller modal zones are created with reduced modal 
amplitudes of vibrations relative to the second model (C). 
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Table 1. Details about discretized models of housing 

 
 
 
 

 
 
 
 

 
 

Fig.3. а) Influence of wall thickness in modal response  
of the housing,  

b) Influence of ribs on the modal response of the housing;  
A- basic model (thickness of walls is 15 mm),  

B-thickness of walls is three times smaller (5 mm),  
C-basic model without ribs 

 
2.2. Conditions for modal shape excitations 
 

The modal analysis allowed establishing certain (modal) 
shapes of oscillation and their modal characteristics.  
They are possible shapes of oscillation which can be 
excited under certain conditions. If those conditions are 
not fulfilled, natural oscillation by the corresponding 
mode will not be realized. In real conditions, only a small 
number of modes out of a large number of them 
(theoretically infinite) are active. The other modes are not 
excited because there are no appropriate conditions for 
excitation.  
Excitation of a certain modal shape can be realized if the 
following conditions are satisfied: 

 If the excitation elastic deformations (direction and 
place of action) completely or partly coincide with the 
elastic deformations arising during oscillation by a 
certain modal shape; 

 If the excitation frequency is close or equal to the 
frequency of the modal shape which should be 
excited; 

 If modal attenuation is of sufficiently small value so 
that it could not result in partial or complete 
attenuation of this oscillation.  

These conditions were checked by the numerical 
integration method and modal testing. The discretized (by 
FEM elements) model of housing was excited by the 
impulse force of  1000 N with duration of  0.02 seconds 
in the area of maximal modal displacement (Fig. 4b). This 
force excites the corresponding modal shape together with 
similar shapes and frequencies.  One of these results is 
presented in Fig. 4. By the force in the direction z, in the 
area of the middle hole, natural frequencies 155 Hz and 
359 Hz are excited (the red line in Fig. 4a) because the 
force direction is the same as the direction of maximal 
displacement for these modal shapes (Fig. 4b and 4c). By 
force in x and y directions, the modal shape with 359 Hz 
is not excited because these directions are not the same as 
the corresponding displacement. The force in the y-
direction succeeds in exciting only the modal shape with 
155 Hz because the force direction corresponds to the   
displacement   direction for   this  frequency. 

 

 

 Hz1000 0

8⋅ 10-8

6⋅ 10-8

4⋅ 10-8

2⋅ 10-8

2⋅ 10-9

Fig.4. The example of using the results of numerical 
modal excitation by impulse force: a) numerical 

integration results, b) exciting force directions, c) modal 
shape displacement in chosen sections (359 Hz) 

 
It is possible to excite the corresponding modal shape by 
disturbance with the same frequency. The maximal effect 
can be obtained with the excitation force which acts in the 
place and direction of maximal displacement and 
fluctuates with the corresponding frequency of modal 
shape. 

   Model 
Fig.1b 

Model 
Fig.1c 

Model 
Fig.1d 

Length of  FE 42 mm 
Final elements  6 383 6 694 6 566 
Nodes 12 999 13 559 13 369 
Degrees of 
freedom of 
discretized 
model  

 
38 997 

 
40 667 

 
40107 

Freq. range 0-3000 Hz 
Calculated 
natural 
frequencies  

 
95 

 
131 

 
135 

modе 17, fn=1076 Hz modе 33, fn=1062 Hz 

modе 27, fn=1407 Hz modе 30, fn=1373 Hz 

а) 

b) 

A B 

A C 

z

y 

359 

x

155

z

x 

mm

c) b) 

a) 
y
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Random excitation produced by the impact of a modal 
hammer or by a shaker with random frequencies is used 
for practical applications (experimental) excitation.  
Figure 5 presents the frequency responses measured at 
point 0 with excitation by a modal hammer at points 6 (in 
the middle of the lateral side of the housing) and 7 (at the 
front vertical wall, right above point 0). The modal 
response obtained experimentally is similar to the 
response obtained numerically. Differences in the 
calculated and measured values of frequencies range from 
0.7 to 9 % with the tendency to reduce the difference with 
the increase of frequency.  
The procedure of investigation and elaboration of 
conditions under which there is excitation of a certain 
modal shape is presented in [10] in a detailed way.  
 

 
 
Fig.5. a) Modal testing, b) Amplitude-frequency diagrams 

obtained by modal testing and numerically (A) 

3. INFLUENCE OF THE DESIGN 
PARAMETERS ON MODAL BEHAVIOUR 
OF A HOUSING 

 
Modes are the properties of the structure. Characteristics  
of material (mass, stiffness and damping) and boundary 
conditions of structure determine properties of modes. 
Change any of these properties leads to changes in 
activity mode. Adding mass ∆m to the existing mass of 
the structure, natural frequency will be reduced to values 

n
c

m m
ω =

+ ∆
 

    
under the condition that other parameters remain 
unchanged.  This change leads also to a reduction in 
damping. Therefore, removing of mass from the existing 
model will result in higher frequencies with smaller 
amplitudes of response, provided that the stiffness does 
not change. However, mass change leads to changes in 
stiffness. 
Correction of stiffness is usually performed by adding ribs 
on the structure of the zones of increased levels of 
vibration. Higher natural frequencies with higher modal 
damping ie. small  amplitudes of oscillation are the result 
of increased stiffness of structures (Fig.6).  

 
Fig.6. Influence of adding ribs on the  

frequency response of  housing 
 

It should also be noted that each of these corrections can 
also be an indirect cause of changes in the remaining 
parameters. Increasing of stiffness, depending on how it 
the achieved, may have influence on increasing of mass of 
structure. In the final dynamic responce should be 
consider influences of both corrections (direct and 
indirect). It can even happen to overcome the influence of 
indirect (consequential) correction and to achieve the 
opposite effect.  
For example, change of mass can be implemented simply 
by adding of mass, and than the response depends on the 
place where you add mass. Also, one mass part may be 
transferred from one place to another and it can also be 
distributed evenly on the structure or it can be removed. 
All these details and their mutual connections, depending 
on the shape and complexity of the structures, affect on  
the change in its frequency response.  
According  our preliminary analysis, if  wall thickness  
reduce three times, resulting in the reduction of the total 
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mass of the housing, at first moment might be expected 
that there will be increasing of the active frequencies. 
However, according to the diagrams in Figure 7, we can 
see the opposite. New natural frequencies are shifted 
towards lower values with increasing levels of vibration 
(from 1,18⋅10-8 mm, which corresponds to the maximum 
amplitude at the point 6 of the basic model, to the 
amplitude of 4,21⋅10-8 mm for the same point on the 
model with less mass). Reduction of wall thickness 
directly affects the decrease of frequencies and increasing 
of  amplitude of oscillation. In this case, changes in wall 
thickness, at the same time, causes changing of mass and 
a significant reduction in stiffness of housing of the 
structure. 
 

 
Fig.7. Influence of wall thickness on frequency response: 

a) basic model with a wall thickness of housing  
15... 20 mm, b) modified the model of housing with a 

reduced wall thickness to 5 mm 
 

 

 
 

 
Fig.8. Influence of changes in materials  

(with different  factor  of damping) 
 
Changing of  material that has different structural 
damping b (instead of cast steel housing, for example) 
could be reflected on a change in the amplitude of 
oscillation as shown in Figure 8. Stainless steel housing 
with a lower damping  in the material will oscillate with  
higher level of vibration, while the larger damping will 
effect on higher amplitude of the vibration while 
maintaining the same natural frequency. This reduction in 

amplitude of oscillation  is especially pronounced at 
higher frequencies due to increased damping. 
 
4. CONCLUSION 
 
The mechanism of excitation of modal oscillation of some 
structure which gives answers to many questions that 
could be classified in the following groups is elaborated. 

1. By modal analysis (by applying the FEM) it is can be 
obtain only possible modal shapes. In reality, 
conditions for this shapes excitation cannot be 
fulfilled. Only several out of an extremely large 
number of modes are usually active.  

2. Excitation of the chosen modal shape consists 
selection of point and direction of force action, 
selection of frequency of excitation and selection of 
damping. This mechanism of certain modal shape 
excitation are elaborated. 

3. Changing some of design parameters change the 
modal responses of the structure. Reducing the 
thickness of the wall leads to an increase in number of 
modal oscillations at lower frequencies. This 
contributes to the generation of tertiary sound waves 
in low-frequency excitation. Removing of the ribs is 
reflected in the increase of amplitude of oscillation. In 
this case  frequency is decreased but  modal form keep  
the same form. This increases the sound intensity, 
which is produced by natural oscillations of housing 
(sound waves tertiary). 
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RESEARCH OF DYNAMIC PROPERTIES 

OF A COMPLEX VIBRATION 
ISOLATION SYSTEM  

 
Michail BERBA  

Mindaugas JUREVIČIUS  
 
 
Abstract: The research features a complex vibration 
isolation system that comprises an optical table and a 
quasi-zero stiffness mechanical system. The study 
demonstrates the vibration isolation properties of the 
optical table and the vibration isolation properties in 
combination with the quasi-zero stiffness mechanical 
system. The results obtained show the ability of systems 
such as this to isolate low-frequency vibrations 
originating from a basement.    
 
Keywords: optical table, quasi-zero stiffness mechanical 
system, low frequency. 
 
 
1. INTRODUCTION 
 
Most tools are sensitive to mechanical vibrations and 
acoustic noise. These may originate both from the outside 
and from the inside of a building (e.g. from passing 
vehicles and wind and from the operation of heating, 
ventilation, and air conditioning equipment and 
installations [1, 2]. 
A number of technical solutions exist that enable the 
transmission of vibration from one part of machinery to 
another to be reduced and mitigated. The general name of 
these technical solutions is vibration isolators (dampers) 
or hanger bracket mechanisms (e.g. various shock 
absorbers, elastic bags, mechanical springs, pneumatic 
and hydraulic devices, and combinations of these devices) 
[2, 3, 4]. The need for vibration isolation is growing 
because the proper operation of precision scales, optical 
microscopes, and other sensitive equipment requires 
isolation from vibrations. Vibrating nanoscales create a 
number of problems when work must be conducted at 
high speeds. At present, several methods for isolating 
vibrations exist: active and passive methods. Each of 
these methods has strengths and weaknesses. Passive 
vibration isolation systems produce less heat than active 
systems, which is important if work with tools that are 
sensitive to heat must be carried out. Furthermore, passive 

systems are considerably cheaper and more reliable than 
active ones and do not require any special measures for 
adjusting damping or stiffness [6, 7, 8]. Currently, 
vibration isolation systems with negative stiffness 
isolators or quasi-zero stiffness isolators are becoming 
increasingly popular. This means complete mechanical 
isolation of low frequency vibrations. These structures are 
compact passive isolators that can isolate vertical and 
horizontal natural vibrations of very low frequency and 
very high structural vibrations of medium frequency. 
These systems achieve an isolation effectiveness of 93% 
at frequencies of 2 Hz, an effectiveness of 99% at 
frequencies of 6 Hz, and an effectiveness of 99.7% at 
frequencies of 10 Hz [9, 10].  
Passive isolators of low frequency vibrations are 
somewhat sensitive to minor alterations of weight and 
major movement. This problem is mitigated when the 
quasi-zero stiffness mechanical system is placed on an 
optical table. Furthermore, quasi-zero stiffness vibration 
isolation systems allow manual adjustments of the 
required weight alterations. This paper studies a complex 
vibration isolation system comprising a quasi-zero 
stiffness system is placed on an optical table. 
 
2. OBJECT, METHODS AND TOOLS OF 

STUDY  
 
The study featured an optical table and a quasi-zero 
stiffness vibration isolation mechanism, which provides 
good isolation of low frequency vibrations (Fig. 1). Both 
devices were developed and produced by Standa Ltd.  
 
 

 
 

Fig.1. A structural scheme of measurement of vibration 
transmissibility using a vibrator, where points 1, 2, 3, 4 

and 5 are points of attachments of 8344 seismic 
accelerometers  

 
This vibration isolator is completely mechanical and 
vibration isolation is achieved by using springs and a 
quasi-zero stiffness mechanism. At first, the vibration 
transmissibility of the optical table was researched by 
altering loads; then the vibration transmissibility of the 
entire (complex) system was studied. The systems being 
considered were excited by means of a 4812 vibrator 
produced by the Danish company Brüel & Kjaer; the 
output value was received after the amplification of the 
signal from a 1027 generator by a 2707 amplifier. 
Vibration measurement was carried out by means of 8344 

Quasi-zero stiffness 

vibration isolation system
Optical table with air  

supports 
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accelerometers with Machine Diagnostics Toolbox Type 
9727 dynamic property measurement and processing 
equipment and a DELL computer. 
 

2.1. Results of the study  
 

After measurements of the dynamic properties of the table 
were completed, the dependence of vibration 
transmissibility on frequency and load was obtained (Fig. 
2).  

 
 

Fig.2. Dependence of the transmissibility of isolation 
supports in the vertical direction from frequency and 

load. 
 

     
 

Graphs of transmissibility in the vertical direction show 
one considerably poorly damped resonance. This shows 
that the pneumatic vibration isolation supports of the table 
and the load constitute an elementary one-mass vibration 
system.  
The resonance frequency decreases with the increase in 
the load on isolation supports. As frequency increases 
above resonance, the transmissibility decreases 
consistently and is lower than 0.01 at frequencies higher 
than 50 Hz. The values of natural frequencies and 
transmissibility of isolation supports depending on loads 
and resonance for frequencies of 5 Hz and 10 Hz are 
shown in Table 1. 

 
Table 1. Dynamic properties of vibration isolation 
supports of the optical table.  

Transmissibility T Resonance 
frequency Resonance 5 Hz 10 Hz 

Load 

fr, Hz Tr T5Hz T10Hz kg 

3.875 21.1 1.70 0.19 Without 
load 

3.625 22.7 1.20 0.16 100 

3.75 24.9 0.91 0.14 250 

3.125 25.2 0.70 0.11 500 
 
At testing in horizontal direction it was defined that vibro 
isolation supports together with the load in this direction 
are complex system which has several resonances. It is 
explained by phenomenon that excitation acts not 
through, but below the mass center of the system. Torsion 
moment starts for it and vibrations of not only 
longitudinal load, but torsional are excited. Apart of that 

the body of vibro isolating supports are of small stiffness 
in horizontal direction (the stiffness of every leg varies) 
and resonates in frequency range of 20...50 Hz what in 
turn worsens the transmissibility characteristic. 

 
Fig.3. Dependence of  transmissibility Ti of vibro 

isolation supports in horizontal longitudinal direction on 
frequency and load 

 
Fig. 3 shows dependence of transmissibility Ti of vibro 
isolation supports in horizontal longitudinal direction on 
frequency and load. The first natural frequency seen at 
2...3 Hz range is the resonance of the translation motion. 
Its values are presented in table 2.  The second resonance 
(3.5...4 Hz) are torsional (round the load mass center) 
swaying.  It is likely than non monotonous of the 
transmissibility curve over 20 Hz are for resonances of 
support bodies.  

 
Table 2. Dependence of natural frequency fir of vibro 
isolating supports 1VIS95-05-13-70 and of 
transmissibility coefficient in horizontal longitudinal 
direction on load at resonance frequency 5 and 10 Hz. 

Resonance  frequency Transmissibility 
coefficient Ti  at 

First Second Resonance 5 Hz 10 Hz 

Additional 
load 

fi1r, Hz fi2r, Hz Ti1r Ti2r Ti5Hz Ti10Hz kg 

2,750 3,875 5,34 1,54 0,68 0,15 Without 
load 

2,625 3,875 5,48 1,19 0,55 0,13 100 kg 

2,250 3,500 7,24 1,16 0,37 0,093 250 kg 
 

 
Fig.4. Transmissibility Ts  dependence of 

vibroizolating supports in horizontal cross direction 
on frequency and load  

Hz 
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Fig. 4 shows the transmissibility Ts dependence of 
vibroisolating supports in horizontal cross direction on 
frequency and load. The second self frequency at this case 
is much clearer than at the case of horizontal longitudinal 
excitation. The resonances of 25...50 Hz are also very 
clearly seen in that range. Numerical data are presented in 
table 3. 
 
Table 3. Dependence of self frequency fsr and 
transmissibility coefficient in horizontal cross direction 
on the load at frequency of 5 and 10 Hz. 

 

Resonance  
frequency 

Transmissibility coefficient Ts 
at frequencies 

First Second Resonance 5 Hz 10 Hz

Additional 
load 

fs1r, Hz fs2r, Hz Ts1r Ts2r Ts5Hz Ts 10Hz kg 

2,250 3,875 2,17 2,66 0,98 0,16 Without 
load 

2,000 3,750 2,28 2,30 0,75 0,13 100 kg 

1,750 3,750 2,80 1,71 0,54 0,092 250 kg 

 
Example of vibration acceleration time characteristics of 
the comb design optical table is presented in Fig. 5. From 
the curve one can go to conclusion that almost all 
components fall down quickly, but two vibration 
components exist which fall down comparably slowly and 
which fluctuation is clearly seen.  
 

 
Fig.5. Vibration acceleration time characteristic of 

optical table of the comb design 
 

Fluctuation period is approximately 50 ms, it is frequency 
difference of these components is about 20 Hz. Two 
comparably high resonance peaks at frequency 199 and 
220 Hz being seen at dynamic displacement curve (Fig. 6) 
approve this conclusion.  
Amplification factor Q of table surface displacement at 
resonance frequency fr is calculated by drawing the 
characteristic, it is a straight line, of ideally stiff body at 
the displacement curve (Fig. 6). The displacement curve 
beginning from the lowest frequency slopes down without 
rupture till the optical table is stiff and any relational 
motion is not seen on the surface. At the zone of the first 
resonance (199 Hz) relation Q=A/B, Dynamic Deflection 
Coefficient, and Relative Tabletop Motion are calculated 
which at this case are Q=71.7, DDC=3.02*10-3 and 
RTM=0.176*10-9 m.  

 
 

Fig.6. Dynamic displacement curve and resonance 
frequency of optical table of the comb design  

 
 
Integrated vibration acceleration dissipation time 
characteristics of complex system (Fig. 1) optical table 
surface and quasi zero stiffness upper plate are shown in 
Figs 7 and 8. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig.7. Vibration acceleration dissipation time 
characteristics of complex system optical table  

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
Fig.8. Vibration acceleration dissipation characteristics 

of complex system quasi zero stiffness upper plate 
 
 
 
Graphics show that the complex system (Fig.1) markedly 
decrease amplitude values, the same show graphics Figs 
9, 10. Values of amplitudes differ 100 times.  
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Fig.9. Vibration of optical table at excitation frequency 

10 Hz  
 
 

 
 
 

Fig.10. Vibration of quasi zero stiffness vibration 
isolation system upper plate at optical table excitation 

frequency 10 Hz  
 
 
The dynamic properties of the entire (complex) system 
(Fig. 1) are shown in Fig. 3. 
 

 
 
Fig.11. Graphs of absolute vibrations (a) of points 2, 3, 4 

and 5 (see Fig. 1) and vibration spectrum (b) (the 
frequency of excitation is 10 Hz).  

 
 
We can see that the entire (complex) system has several 
resonance frequencies (Fig. 11 b), i.e. 0.5 Hz for the 
quasi-zero stiffness mechanism and 2.5 Hz for the optical 
table. Typical transmissibility curves of the optical table 
and the negative stiffness mechanism are shown in Fig. 
11c. 

 
3. CONCLUSION 
 
1. The resonance frequency of the optical table is from 2 

Hz to 3.9 Hz. 
2. The resonance frequency of the quasi-zero stiffness 

mechanism is 0.4–0.5 Hz. 
3. The entire (complex) system isolates vibrations in a 

wider frequency spectrum.  
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EXPERIMENTAL TEST OF INDIVIDUAL, 

SERIAL AND PARALLEL COMBINED 
WIRE ROPE ABSORBERS ON 
DEVIATION OF HYSTERETIC 

BEHAVIOR 
 

Momčilo MILINOVIĆ 
Olivera JEREMIĆ 
Aleksandar KARI 

 
 
Abstract: Serial and parallel combination of wire rope 
absorbers junctions provide better absorbing of shock 
forces and external impulses. This paper considers 
relations of deviation caused by nonlinearities and 
hysteretic behavior as consequence of absorbing energy 
dissipation. Main experimental parameters represented 
differences of mentioned junctions and are estimated 
based on experimental static tests realized in this paper. 
Attempt of comparison with ideal elastic model is 
performed. 
 
Key words: wire rope absorber, hysteresis, parallel and 
serial junction. 
 
 
1. INTRODUCTION 
 
Absorber, designed as a closed ring, form which spread 
uses wire ropes as base dumping element components in 
the absorbing processes is not usually in the engineering 
practice Nonlinear wire rope absorbers are treated in 
detail in numerous papers, and user guides from different 
manufacturers [1] to [3]. Applications of a features 
improvement as patented in the ring form design (Fig. 1) 
are described in [4] to [8]. However, incompetence of use 
and inappropriate for some special applications are 
constrained by its features of relative small displacements 
and threshold values of forces. These behaviors of 
absorber constrain its applications. To bridge these un-
appropriate performances, method of absorbers 
composition is applicable by composition design of 
simple, parallel or serial links of numerous absorbers. 
Expectations are that serial linked absorbers can provide 
better displacement capacities during absorbing process 
and parallel linked absorbers provide same displacement 
capacity but much higher total stiffness. These 
assumptions are based goal of this short paper. 

For preliminary identification of a representative absorber 
system and their behavior, it was not necessary to develop 
approximate mathematical models, proven by 
experimental tests for the obviously expected 
nonlinearities. First step could be only to test behavioral 
exposed hypothesis by before testing of expected well 
known nonlinearities, which will appear in the hysteretic 
form.  
 
2. MEASUREMENT OF PERFORMANCES 

AND METHODOLOGY 
 
Ring wire rope absorber (figure 1) is composed of four 
rings (two up and two down) integrated in the one 
continually stressed ring surface. Concept design is 
pulling wire through construction by intermittently, 
toroidal, manner as swiped steel rope of appropriate 
properties. Constructional characteristics of the selected 
wire rope and of absorber are given in Table 1. Used steel 
wire rope was cross section performances as 6x37 SZ to 
satisfy the conditions of strong dynamic loads, for which 
the absorber is namely designed. 

 
 

Fig.1. Ring wire rope absorber 

As principle idea to improve transferability or stiffness of 
loadings, absorbers are tested, linked in series or in 
parallel junction or individually as the absorbing sets in 
accordance with the expected types of behavior during 
loading. 

Table 1. Construction characteristics of experimental 
model 

Characteristics  
Wire rope construction 6x37

Diameter of wire rope dwr [mm] 8 
Referent height of absorber H [mm] 60 

Diameter of rings dr [mm] 150 
Referent diameter of absorber Dref [mm] 200 

Thickness of rings [mm] 8 

Before dynamic tests, quasistatic tests of a single ring 
absorber, and serial and parallel combinations of two ring 
absorbers with the same dimensions and performances 
were performed. In order to express the referencing 
behavior on the appropriate load, absorbers have to be 
subjected to the same deformation. Conversely, to express 
the characteristics of loads transportability abilities it is 
necessary to be loaded by the same forces. The coefficient 
of the load and the coefficient of transportability in ideal 
junctions of elastic damping can structurally estimates by 
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the mathematical modeling. Nonlinear elastic systems 
increase their non-linearity in the combined connections 
or reduce it in linked model, appropriately jointed by 
junctions. Therefore, the first main goal of this 
experiment was to determine the carrying capacity under 
the same deformations and nonlinearity that their 
connection is expressed in a certain type of connection. 
Figure 2 shows the experimental research scheme of two 
serial absorber connections without intermediate 
distances. Excitation force

 pF   is given by hydraulic 
press in the low speed dynamical form, making smooth 
dynamical behavior loading forces. The force is measured 
by the force transducer (figure 2) and, as the control 
parameter is used pressure of hydraulic fluid p(t) obtained 
by pressure sensor. As output parameters, measured by 
special sensors, are obtained displacement and the 
acceleration of the absorber upper plate. Force, 
deformation and acceleration are measured in the same 
direction. Due to the much higher stiffness of the upper 
steel plate and the press piston of equivalent stiffness of 
the absorber (and their combinations) assumption is 
accepted that the press piston and the absorber upper plate 
are rigid. 

 
 

Fig.2. Scheme of quasistatic testing of absorber serial 
connection 

 
 

Fig.3. Scheme of quasistatic testing of absorber parallel 
connection 

Figure 3 shows the measurement scheme of two parallel 
ring absorbers junction at the slow, low speed, controlled 
dynamical loading with the same technology. In this 
experiment, it was used the same measuring equipment 
and the same absorbers with additional connecting plate 
that provided a parallel connection. 

For each test, loading was performed by the same rate of 
deformation to achieve limit deformation to, the same for 
all three combinations, which was 14 mm. This was 
performed by using appropriate measurement equipment. 
During low speed dynamic tests, the expected effect that 
the same deformations correspond to different forces in 
all three cases is stated, which could corresponds and is 
valid, to the values of quasistatic tests. This effect was 
equally present in both phases, loading and unloading. 
Maximum rate of deformation did not exceed 10mm/s , 
but there was a significant difference during loading and 
unloading which directed on the accelerations during 
experiments, determined it as low speed dynamical tests. 
Figure 4 shows the change in deformation rate of single 
absorber and, parallel and serial junctions of double 
absorbers systems.  

 
Fig.4. Displacement rate vs. time 

Figure shows that the conditions of loading and unloading 
were approximately equal in all three cases. Equipment, 
used for measuring purposes, is given in Table 2. The 
measured results are analyzed in the software package 
Matlab. 

Table 2. Experimental equipment 

Type of sensors Model Range 
Displacement transducer HBM WA 0-100 mm 

Piezoelectric 
acceleration transducer CTC 220 200 g 

Force transducer HBM U2B 20 kN 
Pressure transducer  HBM P4K 0-100 bar 

Measuring amplifying 
bridge 

Quantum MX 
840 HBM 8 channels 

 
3. RESULTS OF MEASUREMENTS 
 
In order to comparing of absorbers characteristics, used in 
combination, as a single and double junctions of 
absorbers subassemblies, it was necessary to establish the 
following facts which guarantee the equality treatment of 
conclusions extracted from experiments. These elements 
are given in Table 3 and they represent a basis for 
assessment of linked absorbers expressed nonlinearities. 
This assessment has crucial influence on the decision of 
where, when and how such nonlinearity contribute to 
absorption characteristics of the structure and where 
represents a problem and is not recommended as an 
absorption subassemblies system. 
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Figure 5 shows a displacement diagram of all three types 
of connections showing that the displacement was 
performed to the same limits in the approximate time of 
loading and unloading. Approximate errors appeared in 
considerations were the results of the experimental 
equipment imperfections and disadvantages of automatic 
control in performed tests. 

Table 3. Measured parameters 

measured parameters single serial parallel 
Max. displacement, mm 14 14 14 

Max. deformation rate, mm/s 9.2 9.2 9.2 
Max. rate of relaxing, mm/s 7.4 7.5 7.3 

Maximal force, kN 2.9 1.8 4.8 
Time of loading, s 2.3 2.3 2.3 

 
Fig.5. Diagram of force vs. time 

 
Fig.6. Diagram of displacement vs. time 

 

Fig.7.  Phenomenon of hysteresis 

Figure 5 shows adequate variations of changes of time 
dependent forces and its achieved maximums for each 
case of observed absorbers systems. These values vs. time 
fully correspond to diagram of displacement shown in 
Figure 6. Based on the expressed difference in the loading 

and relaxation processes, from diagrams in Figure 7 
indication of the phenomenon known as hysteresis [2] is 
obvious. This similarities with static tests directed further 
expectations of this experiments to be acceptable as valid 
by conclusions for the most of cases where absorber could 
be employed.  
In figure 8 is shown well-known model of spring 
combination [1], which used for further comparison with 
experimental results of absorber junctions.   

 

Fig.8. Serial and parallel combination of springs 

Equations (1) give equivalent stiffness for serial and 
parallel combination of ideal elastic equivalent springs in 
the next form, 

1 2

1 2
eser

c c
c

c c
⋅

=
+

     and    1 2e parc c c= +  (1) 

Elastic force for serial elserF and parallel elparF  
combination of springs, can be written as 

elser eserF c x= ⋅      and    elpar eparF c x= ⋅  (2) 

where x  is  displacement. Using these equations, attempt 
is done to describe which behavior of absorber 
combinations corresponds to the similar behavior by 
equivalent performances. 

 
Fig.9. Measured and estimated results 

 
In the figure 9 by dash line is presented change of forces 
vs. displacement using (2), where equivalent stiffness for 
serial and parallel combination is (1). In both cases, in 
serial and parallel combination, differences between 
loading and relaxation forces in the same displacement 
points are noticed by referencing of measured data, to 
follow up logic of equivalent and parallel stiffness 
equations with inclination of less than 20 percent. 
Reasons of these inclinations can be Coulomb friction and 
deformation of wire rope. Differences between equivalent 
model of ideal elastic spring junctions and combinations 
of absorbers is noticed, which can be to present, by ratio 
coefficient k , in next: 
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( ) ( )abser elserF x k F x= ⋅      and    ( ) ( )elpar
abpar

F x
F x

k
=  (3) 

with ratio coefficient 1.2k = . 
In figure 10 is shown coinciding of real measured results 
and results evaluated by (3) for serial and parallel 
combination of absorbers. 

 
 

Fig.10. Comparison of measured results and suggested 
model 

 
4. CONCLUSIONS 
 
Behavior of wire rope absorber is burdening by question 
of hysteretic anomaly which makes misunderstanding of 
structural phenomena in elastic constrains considerations. 
Equation of ideal springs as elastic elements is not clear 
in experimental research if characteristic performance is 
not separated as main representative of structure and 
design. Hysteretic anomaly during slow dynamic as static 
loading, gives bad determination of structure stiffness 
during reinforced loading and relaxation forced process. 
This conclusion orientated suspicions about frequency of 
elastic force, which is not same in loading and relaxation 
process. Ideal elastic elements linked in serial and parallel 
manner rigidly determines stiffness and frequency 
performances. Behavior of wire rope absorber seems to be 
satisfies in this ideal manner only by differences during 
loading and relaxation process nevertheless which loading 
burden their structure. Ideal differences of forced motion 
and free elastic motion by same displacement are satisfied 
with about 20 % differences measured by forces. That 
means elastic displacements caused by forced motion is 
always higher then provide by elastic motion in relaxation 
following ideal elastic junctions. Conclusion is that elastic 
forces in forced motion and relaxing elastic forces in 
relaxation loaded motion, express differences of 
stiffnesses which are approximately only corresponds to 
the theoretical elastic model oriented provocative 
question is it hysteretic anomaly caused only by elastic 
extension properties along wires and ropes, with low 
influences of friction forces linked wit contacts with them 
during deformable displacements.  
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Abstract: Wire rope absorbers are usually used for 
isolation and dumping of shocks and vibrations. In this 
paper is described experimental research of ring wire 
rope absorbers combination. In order to increase the 
knowledge about dynamics of wire rope absorber, the aim 
of this paper is to model and identification quasi-static 
and dynamic behavior of wire rope absorbers 
combination in compression mode. Phenomenon of 
hysteresis during quasi-static and dynamic loads 
combination of such non-linear absorbers with different 
characteristics is identified. 
 
Key words: wire rope absorber, hysteresis, shock loading, 
dumping, experimental test. 
 

1. INTRODUCTION 

When in the nature attempt physically to explain any 
complex phenomenon, often looking as simple as possible 
models of this system behavior and tends to the structural 
anatomize of problem in the explainable simpler 
phenomena. In order to simulate the behavior of real 
system and provide a better understanding and analysis of 
the system characteristics used mathematical modeling. 
Theoretical approaches are useful for performing general 
conclusions from simple models, while the computer 
simulations, due to simple change of parameters and 
relatively easy to obtain a large number of results under 
different conditions, can be used to perform specific 
conclusions from the more complicated models [1]. 
The increasing need for reliable characteristics of the 
oscillatory system in terms of weight, convenience of use, 
safety, noise and reliability in contrast to the requirements 
of the short time of design, a longer lifetime, a 
minimization of maintenance and testing and the lower 
cost of projected systems. With the development of 
"strong and fast" computer, both in the terms of cost and 

in terms of time, to perform the numerical simulation is 
considerably cheaper than a complex sophisticated 
experiment. A consequence is a more frequent use of 
computer-aided design and the numerical 
experimentations. It is frequently the structural models 
used to simulate experiments and the reliably and 
accurately describe a further behavior of the newly 
designed, real or virtual, construction. 
Despite the fact that we are definitely entered into the era 
of virtual design [2], experimental tests and the systems 
identification still play a key role in helping researchers to 
coordinate numerical predictions with experimental tests. 

2. PROCESS OF IDENTIFICATION 

Nonlinear systems take an unusually great attention in the 
second half of the twentieth century. One proposed 
method is a theory of linearization (linearization 
approach) [3], [4]. In the development of of nonlinear 
systems, research theory in the dynamics of systems has 
been made a large number of efforts to explain the 
phenomena of nonlinearities and their effects in the real 
behavior of systems. 
In the last ten years in several studies suggested that the 
nonlinearity use instead of their ignoring or avoiding, 
which is an interesting step forward [5]. 
As mentioned in [1] considering the identification of 
nonlinear systems, it must be admitted that there is no 
general method of analysis that can be applied to all 
systems in the all cases, as is the case for modal analysis 
in the linear dynamic systems. There are two main 
reasons for this conclusion: the different terms 
uselessness of the linear theory and high "individualistic" 
nature of nonlinear systems. The third reason is that the 
transfer function, which reflects input to output, is not 
known in advance. 

 

Fig.1. Process of identification 

Regardless of the differences in the ways in which 
identification can be performed non-linear system 
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identification represents a process that is performed in 
three steps, namely: detection, characterization and 
parametric evaluations (Figure 1). After it was discovered 
nonlinear behavior, for nonlinear system is said that is 
characterized after location, type and functional form of 
nonlinearity of the system are specified. Parameters of 
selected models are then estimated by linear least squares 
error or non-linear optimization algorithms depending on 
the methods that have been taken into consideration. 
Identification by experimental research is a key part of the 
overall identification process of nonlinearity. Observing 
the structure of identification process (Figure 1), 
experimental tests permeate through all three phases. The 
detection is impossible without experiments. Through 
experimental tests the easiest to observe place of 
nonlinearities appearance and their type. Parametric 
evaluation of assumed mathematical models performs by 
comparing with the experimental obtained results. 

3. WIRE ROPE ABSORBERS 

Isolation technology, once limited to the choice of carriers 
for the protection of machinery and equipment, now, 
through the development of systems for protection against 
shock loads and vibration, routinely used on devices 
ranging from personal comfort to large engineering 
buildings and the weakening effects of low frequency 
vibration on the precision instruments and mechanisms. 
The technology is a widely developed through the 
improvement of design, better materials and more depth 
of technical analysis. More improved methods of testing 
and simulation modeling have significantly expanded the 
database of the isolator properties. Influence of complex 
vibration and shock disturbances on equipment can be 
significantly reduced now. 
Applications of the system for protection against shock 
loads and vibrations are extensively increased in the last 
20 years. In addition to isolation of machines, servo-
controlled isolated platform, with the dissipation of 
energy, such as friction devices and adjustable dampers 
for large structures, semi-active (SA) isolation of 
equipment for landing aircraft and the base isolation for 
seismic protection of the entire building are examples. 
Active-controlled automatic systems and hanging seats 
are a great production. In microelectronics, isolation 
techniques have been developed to control the process of 
production and ensure the quality of the devices. 
Architects and engineers are considered isolation as a 
basic technique in building design and set up a vibration 
criterion curves for the specification of tools for 
producing, sensitive to vibration. Companies will 
continue to include insulation systems in manufacturing 
technology in order to increase product reliability and 
improve production efficiency. Isolation methods 
developed in semiconductor manufacturing, now 
routinely used in other industries to reduce the cost of 
large producing and rapid change allowing with the 
introduction of new structures and products [6]. 
Well-designed isolation system greatly reduces the 
intensity of shock and vibration acting on the equipment. 
Isolation system is a mechanical filter between the source 
and receiver, which reduces the dynamic loads of 
equipment to a level that equipment can support. 

Excitation may come from the equipment or external 
sources. 
Nonlinear wire rope absorbers, along with the 
elastomeric, spring, friction, pneumatic and hydraulic 
absorbers, are in the group of passive isolators. Basic 
characteristics of the wire rope absorber, reflected in their 
ability to reduce impact shock and vibration which is 
practically proved by their numerous applications. Also, 
they are completely autonomous, without requirements 
for external energy sources, as is the case with semi-
active and active isolator systems. They do not have any 
control, the structures are simple, cheap and available in 
the market and have pre-defined characteristics. The main 
disadvantages of this type absorber are: 

One of the first applications of wire rope absorber is a 
vibration isolation of device that controls the flow of 
liquid in rocket engines. The wire rope absorbers also 
used in the seismic protection of sensitive equipment in 
buildings. Recent studies in a wind tunnel and on the 
vibrating table are shown the efficiency of a class of 
dampers which rely on springs with wire rope in order to 
ensure the necessary stiffness and damping [7], [8]. 
Nonlinear wire rope absorbers are designed with 
continuously distributed loops wrapped into a spiral or a 
torus. 
There are two basic types of this absorber: helical (Fig. 2) 
and multical or polycal absorbers (Figure 3). Absorbers 
shown in Figures 3 and 4 are made of cable wrapped in a 
progressive spiral with multiple loops of wire rope. Loops 
of wire rope are used intermittently. The absorber used 
bending and torsion of spirally wrapped wire rope for 
resisting of loads. 

 
Fig.2. Helical wire rope absorber 

 
Fig.3. Multical wire rope absorber 

 limitations of isolation efficiency defined by stiffness
and damping,  

 nonlinear effects can affect on the measurement
results, 

 in case of overload occur plastic deformations and
changing of defined characteristics. 
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Characteristics experimentally determination of absorbers 
combination with new construction, proposed in [9, 10] is 
the main problem analysis in this paper. The new design 
(Fig. 4), in contrast to know till now absorbers, consisting 
of a ring shaped absorber with torus twisted wire rope 
with certain features. As stated in the literature [6], wire 
rope absorbers generally used for damping impact loads 
with small amplitude of movement. 

 
Fig.4. Ring wire rope absorber 

What is with greater lengths of movement? It is clear that 
one absorber with new construction due to its size would 
not be practical for use in larger displacement amplitudes, 
as is the case with a recoil of artillery barrel. Therefore, 
goal of the research was to investigate the characteristics 
of absorbers combinations in series and parallel 
connections during static and dynamic impulse shock 
loadings. 

4. EXPERIMENTAL MODELS 

For research purposes, in the Laboratory for mechanical 
systems and logistics engineering of the Military 
Academy, made several different experimental models of 
ring wire rope absorbers: “A”, “B”, “C” and “D”. The 
differences were reflected in the dimensions of absorbers 
and the wire ropes that were used in the construction of 
absorbers. Due to the good characteristics of resistance to 
dynamic loads were used ropes construction 6x37 and 
6x19. Mechanical characteristics of the experimental 
models of absorbers are shown in Table 1. 

Table 1. Construction characteristics of experimental 
models 

Characteristics “A” “B” “C” “D” 
Wire rope 

construction 6x19 6x37 6x37 6x37 

Diameter of 
wire rope 

[mm] 
5 6 8 10 

Diameter of 
loops 

[mm] 
42 44 50 95 

Diameter of 
rings 

[mm] 
150 150 150 294 

Thickness of 
rings 

[mm] 
8 8 8 14 

5. EXPERIMENTAL EQUIPMENT 

The characteristics of a combination of wire rope ring 
absorbers were measured in static and dynamic 
conditions. For testing under static conditions was used in 
classical hydraulic press, while in the tests in the dynamic 
conditions used eccentric press machine. Both tests used 
the identical measuring system consists of sensors 
(acceleration, displacement, force and pressure), 
measurement-bridge amplifier and a PC. Sample rate for 
quasi-static tests was 10 Hz, and for dynamical tests 1 
kHz. 
For measuring acceleration applied to the piezoelectric 
acceleration transducer CTC 220 with sensitivity 
500mV/g. Acceleration transducers measured acceleration 
and oscillations in the direction of the force and were 
mounted on to the upper plate of absorbers, as shown in 
Figure 5. 

 

Fig.5. Experimental equipment for static tests of serial 
absorbers combination  

 

Fig.6. Experimental equipment for static tests of parallel 
absorbers combination 
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6. RESULTS OF EXPERIMENTS 

According to the test program, for certain static and 
dynamic loads, the resulting diagrams of force changes 
vs. deformation of absorbers are obtained.  Examples of 
measured loads in the time at static and dynamic loads of 
absorbers in series and parallel connection are shown in 
Figures 10 and 11. 

 
Fig.10. Static load of two absorbers connected in series 

 

Fig.11. Dynamical load of two absorbers connected in 
series 

Figures 12, 13 and 14 show the resulting diagrams are 
obtained by quasistatic and dynamic loading of wire rope 
absorbers combinations with wire rope diameter 6 mm.  
The diagram in Figure 10 corresponds to the change of 
force in Figure 12 (shown in green), while the diagram in 
Figure 11 corresponds to the change of force in Figure 13 
(shown in red). 

 

Figure 12.Diagram force vs. displacement for static 
loading 

 

Fig.13. Diagram force vs. displacement for dynamic 
loading 

We studied the influence of absorbers number to response 
at static and dynamic loads. In Figure 14 shows the effect 
of absorbers number of the same absorber construction in 
series to the equivalent stiffness and total damping at 
quasistatic loading. 

 

Fig.14. Influence of absorbers number in the serial 

 

7. CONCLUSION 

In addition to the great possibilities of mathematical 
modeling and forming of transfer functions (input - 
output), for any testing of machine design confirmation 
by experimental tests is needed. 
The paper describes experimental testing of absorbers 
wire rope combinations in series and parallel connection, 
during quasi static and dynamic loadings. The expected 
hysteretic behavior is observed. Also, the influence of 
number of absorbers in certain types of connections to the 
total system response was measured. 
Further work will be based on attempts to establishing of 
relationships between the measured characteristics of a 
new type absorbers and legality observing of their 
behavior in series and parallel connection. 
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Abstract: In this paper, we present the concept of 
developing laboratory prototype of CNC machine with 2D 
control. Prototype of the machine is a system that consists 
of controlling and mechanical part. Control of the system 
mentioned is realized by using software package Mach3. 
Prototype is devised to present one cheap solution of 
CNC machine that will be used for further development of 
controlling part, as well as testing different controlling 
algorithms by the application of PLC controller.  
 
Key words: control, prototype, CNC machine, Mach3 
 
 
1. INTRODUCTION  
 
Complex requirements of modern manufacturing have, on 
one hand, conditioned the mastering of technical 
performances of machine tools, and on the other hand the 
formation of complex control algorithms, all of that 
followed by constant desire for as lower as possible price. 
In such conditions, in case of machines with NC control 
there comes to a significant hardware change (great part 
of hardware circuit is eliminated), i.e. it comes to the 
application of micro computers in control system – CNC 
control. Firstly, there were CNC control units with 
integrated minicomputer. In this case, programme from 
external memories (pierced/magnetic tapes) is gradually 
entered into a private memory of minicomputer where the 
orders are gradually executed through the generation of 
controlling signals. Later there were hardware 
possibilities created such that programmes were stored on 
external memories by similar principle and then they are 
executed in the similar way. PC enables the storage of 
programmes, their execution and transfer of control 
parameters to CNC modules by the use of some of the 
standard communication protocols (parallel transmission, 
RS232, RS485, Ethernet, Modbus, CAN, EtherCAT…). 

Main characteristics of CNC are: 
 Control signals are digital,  
 Control process is executed by calling the programme 
from memory and starting it,  

 It is possible to achieve several forms of interpolation 
(linear, circular, parabolic, spherical...),  

 Interactive work, compensation of the tool diameter 
path, tools length,  

 Structure of control hardware is simple because it is 
about software control where programmes are found 
on hard drive or bubble memory. [1] 

 
2. DESCRIPTION OF THE PROTOTYPE OF 

CNC MACHINE FROM LABORATORY 
 
The observed prototype of CNC machine consists of 
computer, controlling and mechanical part and it is 
designed for students' exercise. 

 

 
 

Fig.1. Elements of CNC machine prototype 
 

Depending on the use of prototype, control can be 
executed via computer or PLC controller.  By using the 
computer, it is possible to use already finished and well-
developed software packages for controlling CNC 
machine. By using these softwares, we obtain big 
flexibility of the system and comfort in work, where the 
machine is not related to some specific function. The task 
that needs to be fulfilled can be directly carried in the 
form of G code or by importing some already finished 
model. By the application of cheap PLC controllers, it is 
possible to develop applications that are intended for 
specific functions, such as, for example welding by some 
simple path. 

 
3. CONTROLLING PART 

 
Controlling part performs the adaptation of control signals 
that are generated by software from computer into control 
signals of appropriate voltage level that are led to drive 
engines. Figure 2 shows the constituent elements of 
controlling part:   
1. Standard switched power supply  
2. Driver for X axis  
3. Driver for Y axis  
4. Driver for Z axis (not used in this paper) 
5. Card for starting electromagnet  
6. 25 pin connector towards mechanical part   
7. 25 pin connector towards the computer  (PLC). 
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Fig.2. Controlling part 

 
Standard switched power supply (220V, 50Hz) owns two 
voltage level on the outlet, 12V(19A) and 5V(8A). 
 

Higher voltage level is used for supplying the engine of 
working element, while supply lower than 5V is used for 
supplying the electronics on driver plates and for supply 
of driver engines. Power supply owns heating and 
overcurrent protection. 
Driver part of controlling module consists of three driver 
cards for X,Y and Z axis, where in this paper, due to 
current configuration of machine we have used two axis 
X and Y. Driver cards are developed for the needs of 
prototype and present a rather simple and cheap solution.  
Main elements of the cards are IC circuits L297 and 
L298. Controller L297 on outlet lines can provide 20mA 
by the phase, so it is necessary to use the driver L298 that 
would represent coupling level between controller and 
step engine and it can provide 2A by the phase which is 
sufficient for the machines.  
.

 
Fig.4. Electric schemes of driver card 

 
Signals for the computer lead to the controller L297 via 
optocouplers, which galvanically separate the computer 
from the driver part. Selection of pins that are used when 
connecting is performed in a software manner. Controller 
owns outlets for direction and speed of engine, as well as 
a port for selecting the engine’s work (half and full).  
Within controller, PWM chopper circuit is implemented 
and it regulates the current via engine coils, feedback on 
current is obtained through voltages, from resistor R 
sense, which leads to SENSE ports.  
Card for starting electromagnets has a function to start  
electromagnet by the order from the computer and thus 
draw or release a working element. Current that is let 
through electromagnet can be set by using PWM ports 
from computer, and in that way it is possible to regulate 
the pressure level of working element on the foundation, 
and therefore the depth of engraving. 

4. MECHANICAL PART  
 
Mechanical, executive part of machine consists of two 
step engines, guide for moving on X and Y axis, border 
switches that are derived in the form of optocoupler and 
toothed belt drive.  

 
Fig.5. Mechanical part of machine prototype 

1 

2 
3 
4 

6 
7 
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Mechanical part of the machine includes drive part that 
consists of two step engines, whose characteristics are 
given in Table 1. 

 

Table 1. Engine of X axis Engine of Y 
axis 

Name Step Syn Astro Syn 

Label 103G770-2516 78201526-001 

Supply DC 4.1V, 1.1A DC 4.1V, 1A 

Resolution 1,8 °/step 1,8 °/step 

Manufacturer Sanyo Denkи CO Миnebea CO 
 
Toothed belt drive is chosen to avoid slipping, elastic 
slipping and need for additional tightening of belt.  
Rotational moving from shafts of step engines is 
translated to linear moving of working element via 
toothed belts. All these movements are performed through 
appropriate guides.   
Guides used are made of aluminium. Cylindrical guide 
serves for movements on Y axis, and profile one serves 
for movements on X axis. 
 

 
 

Fig.6. Overview of cylindrical guide  
(for movement on Y axis) 

 

 
 

Fig.7. Profile guide for moving on X axis 
 

Figure 8 shows the working element that consists of the 
following parts:  

1. Engine of DC current,  
2. Belt pulley gear,  

3. Electromagnet,  
4. Spacer,  
5. Rotation cutter.  

 

 
 

Fig.8. Layout of working element with rotation cutter 
 

For the implementation of working element, we have used 
the engine (1) of DC current with great number of turns 
(31500 min-1) of supply voltage 12V that is connected to 
belt drive through its pulley and pulley of rotation cutter 
(2). 
 
5. SOFTWARE SUPPORT OF PROTOTYPE  
 
Programme Mach3 has a wide range of use, it is very 
simple and can be used for controlling electromotors of 
DC current, electromotors of AC current and step engines. 
Signals generated by software on exit port need to be 
adapted to drive part by using appropriate drivers.  
 

Mach3 synchronizes the work of all axis and provides the 
execution of main and auxiliary functions of NC and 
CNC machines by respecting their hierarchy in 
programme.  
 
Within programme package Mach3, there are following 
modules: 

 Mach3 Turn – programme module meant for the 
control of CNC lathes  
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 Mach3 Mill – programme module meant for the 
control of CNC mills; 

 Mach3 Plasma – programme module meant for the 
control of CNC routers for plasma and laser cutting. 

 

 
 

Fig.9. Layout of user interface of Mach3 software 
 

Mach3 usually communicates with control part of the 
system through parallel port of computer, or through 
serial port. By software, two square pulse signals are 
generated, of which one controls direction and the other 
controls the speed of appropriate axis.  
This is a standard type of control for step and AC engines. 
It is important to mention that for controlling a machine, 
standard PC was used which is not a real time system by 
its performances, but it is achieved by appropriate driver.  
Adjustment of speeds and accelerations by appropriate 
axes is performed in dialogue window Motor Tuning and 
Setup (figure 9). 
 

 
 

Fig.10. Setting speeds and accelerations in the window 
Motor Tuning and Setup 

Settings mentioned aim at disabling the loss of engine’s 
step in case of greater speed and achieving more steady 
work by defining the acceptable acceleration.  
Configuration of appropriate ports and outlets is done in 
dialogue window Ports and Pins. 
 

 
 

Fig.11. Configuration of input signals 
 

 
 

Fig.12. Configuration of Motor Outputs 
 
In Mach3 environment, G–code is imported by loading 
(File – Load G–Code) the appropriate file with extension 



 

 399

.tap. Direct entering of G-code is possible via keyboard in 
the card MDI Alt2. 
In addition to software package Mach3, there is also  
module LazyCam that provides generation of G-code 
from files of different formats (.DXF, .WMF, .HPGL, 
PLT, jpg, bmp...). Processed file with extension .tap is 
stored in appropriate directory of software package 
Mach3. 
On the prototype of CNC machine, process of developing 
the engraving of the logo of Technical Faculty of Čačak is 
demonstrated. In the programme AutoCAD we have 
created appropriate illustration that is saved in .DXF 
format. Created .DXF is imported to LazyCam 
environment (figure 13), where a file named LOGO 
extensions .tap is created by using the Post Code tool.  
 

 
 

Fig.13. Imported .DXF in LazyCam software module 
 
File LOGO.tap is imported to Mach3 programme that 
sends orders defined by G – code to operating parts of 
machine. In Mach3 environment it is possible to follow 
the simulation of movement of machine’s working 
element.  
Prior to the processing, working element must be brought 
into Home position. Process of developing logo engraving 
is shown in figure 14. 
 

 
 

Fig.14. Process of developing engraving logo of the 
faculty 

6. CONCLUSION 
 
Based on the analysis presented, possibilities of practical 
application of software system Mach3 in the control of 
laboratory prototype of CNC machine, as conclusion we 
set aside the following characteristics that represent the 
advantages of using this software:   

 Controlling the machine by the programme written 
according to recommendations of ISO standard; 

 Cost effectiveness of manufacturing process – low 
initial investments in equipment and control 
programmes;  

 Wide range of application (from controlling step 
engines to controlling servo motors and AC 
electromotors); 

 Works under Windows XP, Windows Vista and 
Windows 7 environment; 

 Reliability in work; 

 Possibility of encouraging the innovativeness, because 
it provides the construction of own machine and 
complete definition of its control;  

 Has interesting and clear programming environment... 
Programme Mach3 is applicable to more complex and 
more expensive platforms of CNC machines than 
constructed prototype from laboratory which presents 
simple solution with low price. 
Constructed prototype from laboratory presents a base for 
students' training. This base will be used for developing 
more complex machines. 
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processed by computer program to reach a good image 
quality.  
Density of the film is replaced with grey level. The image 
can be acceptable if the grey level is between 25000- 
40000 counts. The contrast gradient is very important for 
the image quality, when the grey level increase up 30000 
counts, contrast gradient increase very fast.  
 
3. EXPERIMENT 
 
The purpose of this testing is to analyze  x-ray control of 
this part of concrete pump made by carbotech composite 
material. From measurements we have built exposure 
charts, characteristic curve, diagram of energy, gradient of 
contrast, sensitivity. Cifa pump concrete arm is presented 
in figure 1, the sample taken from pump’s arm is 
presented in figure 2.  
 

 
 

Fig.1. Cifa pump concrete arm  
 

 
 

Fig.2. Sample pump arm  
 

We have constructed sample block with flat bottom holes, 
and steps with various thickness. Sample block  number 1 
is described in figures 3 and  4, and dimension of holes 
and steps, completed with table 1, 2. Sample block 
number 2 is described in figures 5, 6 and  7.  
In thickness approximately 20mm have realized a full 
spectrum of dimensions that give to us possibility to build 
diagrams as mentioned above, and to understand right 
relation between tension, intensity and time for composite 
material.  

 
 

Fig.3. Cifa sample, block nr 1 
 

 
 

Fig.4. Technical drawing block nr 1 
 
Table 1. Hole depth (block 1) 
 

Hole 1 2 3 

Depth 15mm 10mm 5mm 
 
Table 2. Step thickness (block 1) 
 

Step I II III IV 

Thickness 6mm 10.8mm 15.75mm 20.5mm
 

 

 
 

Fig.5. Cifa sample, block nr 2 
 

The diagrams are built with both ways, conventional and 
digital radiography. In CR the time needed is the third 
compare with conventional radiography.  
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Fig.6. Technical drawing block nr 2 

 

 
 

Fig.7. Flat bottom hole, block nr2 
 

In figure number 8 we have built characteristic curve and 
contrast gradient. Interval of diagram with desirable grey 
level is from 25000 to 45000, with increasing the time the 
grey level increase, increasing quickly the contrast. For 
short exposure the contrast is lower, so time is a 
parameter that has influence in image quality. 

 
Fig.8. Characteristic curve and gradient versus relative 

exposure 
 
System performed parameters must be determined 
initially and monitoring regularly to ensure the results. 
According to EN 462 the best measure system is using the 
Duplex Wire figure 9. According to UNI EN 1478-1, the 
resolution criterion for the evaluation of duplex wire 
consists: two wires of a pair wire are resolved if the dip 
between the line max is greater than 20% of the max 
intensity. 
 

 
  

Fig.9. Sensitivity, duplex wire, block nr 2 
 
From line profile is possible to calculate the sensitivity. 
As seen in figure 9 is the apparent difference between the 
wires in the order of 7, where the diameter of the wires 
are 0.40mm and spacing unsharpness 0.200mm, so we are 
secure for sensitivity 2%. Wires in order of 8 have the 
diameter 0.32mm and spacing unsharpness 0.160mm that 
are not clearly resolved, so we can’t be sure to reach the 
sensitivity 1.6%, when the unsharpness is not clear and 
visible.  
To reach this sensitivity is possible with the post 
processing step through the second part of program 
Rythem Review. This program have the possibility to put 
some filters like, shadowing, sharpening, smoothing, etc, 
change the lighting and contrast, reduction of signal-to-
noise ratio, apply same mathematical filters to give us 
higher image quality. Zooming the parts facilitate the way 
to analyze the image and give the professional conclusion  
from technicians.  
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So we can be sure to reach the sensitivity 1.6% that is 
satisfactory. The improvements can be saved like image 
but the raw image is untouchable and can be available for 
the users, to have always bank of data base. The 
improvements can be saved like image but the raw image 
is untouchable and can be available for the users, to have 
always bank of data base.  
 

 
 

Fig.10. Raw image, block nr2 
 

At figure 10 is raw image (like .tiff) of sample block 2 
with the duplex wire on it. All different thickness flat 
bottoms on this sample are visible with good quality. 
After the post processing we can reach good results for 
two classes A and B. 
 
4. CONCLUSION 
 

 Digital radiography has significant advantages like: 
exposure time reduction, no need for chemical 
development process what bring it to friendly to 
environment, easily post-processing, accurate 
corrosion measurement, no material limitations, no 
temperature limitations and no need for preparation 
work or remove coatings or insulation.  

 By the light of the obtained results we can recommend 
in digital radiography CR a level of grey up 25000 to 
45000, because in this interval contrast is higher. 

 Sensitivity post processing rich 2% or less, 
consequently accepted by the code.  

 This change in our opinion has not effective impacts 
on the POD of type of defects like, lack of penetration, 
porosity, cracks, and slag inclusion. 
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TRIBOLOGICAL CHARACTERISTICS 
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Constantin GEORGESCU 
Lorena DELEANU 

 
 
Abstract: This paper presents results of testing blends of 
polybuthylene terephtalate (PBT) and polytetrafluor-
ethylene (PTFE) on a CETR block-on-ring tribotester in 
order to improve the tribological behavior of such a 
polymeric blend by varying the concentration of PTFE. 
There were tested the materials: PBT, PBT + 5% PTFE, 
PBT + 10% PTFE and PBT + 15% PTFE. There were 
analyzed the evolution of friction coefficient and the wear 
as the mass loss of the polymeric block in order to 
establish a hierarchy of those materials. The testing 
conditions were: a normal load of 5N, three sliding 
speeds (0.25 m/s, 0.50 m/s and 0.75 m/s) and three sliding 
distances (2500 m, 5000 m and 7500 m). 
 
Key words: polymeric blends, PTFE, PBT, wear, friction 
 
 
1. INTRODUCTION 
 
The polymeric composites are the subject of an intense 
research activity due to their flexibility in producing 
varying compositions with directioned sets of properties, 
including tribological one [3, 4, 9].  
Poly(butylene terephthalate) (PBT), a high performance 
semi crystalline polyester, is one of the most versatile of 
all engineering thermoplastics, today. Strong and 
lightweight, it has low moisture absorption, excellent 
electrical properties, broad chemical resistance, lubricity, 
durability, mechanical strength and heat resistance. These 
properties are stable over a broad range of temperature 
and humidity conditions, but it has low impact strength, is 
notch sensitive and has a rapid crystallization rate that 
contributes to part warpage because of differential cooling 
rates resulting from part geometry or tool design and 
leading to differential shrinkage [4]. 
Blending of two polymers provides an easy and cost-
effective route for the enhancement of properties. The 
selection of thermoplastic elastomer as a suitable blending 

Polybutylene terephthalate is the basis of composites with 
glass, carbon and aramid fibers, but also improves its 
tribological behavior by adding solid lubricants like 
graphite, PTFE, molybdenum disulphide [10, 17-19, 22]. 
Polymeric blends are used in tribological application for 
keeping the strength of one component and getting better 
tribological characteristics. There were studied blends of 
PEEK+PTFE [5], PBT+PC [2, 3], PI [12]. Usually, the 
softer polymer is added in a low concentration (5...30%) 
in order to keep the mechanical properties of the tough 
one but also to reduce friction. 
PBT is not mentioned in the recent basic literature for 
tribology [3, 9, 15], but its good combination of different 
properties is mentioned in [1, 13, 8]. 
 
2. MATERIALS TESTING METHODOLOGY 
 
The tests were done using a block-on-ring tribotester (Fig. 
1), functioning on a CETR UTM-2 tribometer. The ring 
was the external ring of a rolling bearing type KBS 30202 
(DIN ISO 355/720) and was made of steel grade DIN 
100Cr6 (Table 1), 60-62 HRC, Ra = 0.8 µm. 
 
Table 1. The chemical compositions of the ring steel 
 

C Si Mn P S Cr Ni Cu 
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The testing conditions were: the normally applied load 
was F=5 N, the sliding speeds v=0.25 m/s, 0.50 m/s and 
0.75 m/s and three different sliding distance L=2500 m, 
5000 m and 7500 m respectively. Each set (v, L) was 
repeated three times and the values for the parameters are 
the average of these three. 
 

Load

rotating ring

sample

 
 

Fig.1. The block-on-ring tribotester  
 
The blocks to be tested were made of the materials 
presented in Table 2. 
The blocks were cut from bone samples (as required by 
the tensile test ISO 527-2). These samples were obtained 
by molding at ICEFS Savinesti, Romania, taking into 
account the producer specification for molding and heat 
treatment [21]. Some data of these materials are given in 
Table 3. 
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Table 2. The tested materials 
 

Material 
symbol Composition (wt) 

PBT neat polymer, grade Crastin 6130 NC010 [20]
PF5 5% PTFE 
PF10 10% PTFE 
PF15 15% PTFE 

PTFE grade Flontech®  
NFF FT-1-1T 

average particles' size 20.0 µm  

 
Table 3. Some data of the tested materials 
 

M
at

er
ia

l 

Ash 
content1 

(%) 

Density in melt 
state2 

(g/cm3 at 2500C ) 

Fluidity index2 

(g/10 min at 2500C 
and load of 2.16 kg)

PBT 0,096 1,145 26,188 
PF5 0.136 1,149 25,272 
PF10 0.162 1.155 25.127 
PF15 0,193 1,170 24,021 

 
1Oven Nabertherm for ash content determination by calcinations 
at 650°C, Method SR EN ISO 3451-1,4:2001 
2Equipment for hot fluidity index determination Ray Ran type 
5MPCA, Method SR EN ISO 1133:2005  
 

In this study the wear of the polymeric blocks was 
evaluated with the help of two parameters - the mass loss 
of the block (mg) and the linear wear intensity, calculated 
as: 
 

( )[ ]kmN/
LF

ZWl ⋅µ
⋅
∆

=  (1) 
 

There have been done several tests with blocks made of 
PTFE, for L=7500 m only for having a reference to 
compare wear as mass loss and transfer process. 
 
3. RESULTS AND DISCUSSIONS 
 

3.1. Friction 
 

The first Czikos's stages [6] for the friction coefficient are 
developing in the first hundreds meters and the final 
stage, the stable one, may include "steps" due to both 
wear particle agglomerations until they are expelled from 
the contact and the quality dispersion of PTFE, or 
temporary and rare oscillations for the same reason 
At low speed (v=0.25 m/s), the values of the friction 
coefficient for PBT are intermediate between the 
polymeric blends with 5% and 10% PTFE and that with 
15% PTFE. At v=0.50 m/s the friction coefficient 
evolutions are narrowed in an interval 0.13...0.24 and the 
block made of PBT gives the highest trend. The evolution 
interval is narrower for v=0.75 m/s but there were noticed 
"jumps" especially for the low content in PTFE, meaning 
very probably a not so good dispersion of the softer 
polymer in PBT. These oscillations could also be the 
results of accumulating wear debris in the contact, 
followed by their throwing out and, thus, the friction 
coefficient becomes smoother. 
When the speed is increased, the friction coefficients are 
more grouped and all the materials have visible periods of 
oscillations, meaning the intensification of the processes 

taking place at a more reduced speed or/and a change in 
the nature of the process (friction could has now a 
dominant component of adhesion instead of abrasion as it 
is happens at lower speeds (Fig. 2). At the highest speed 
the test were done (v=0.75 m/s) the evolutions for the 
friction coefficient are narrowing in the range of 
0.15...0.20. Higher oscillations could be the results of a 
non-uniform dispersion of PTFE in PBT. 
For all blends PBT+PTFE there are a tendency of 
decreasing the friction coefficient for the sliding speed 
v=0.75 m/s (see Fig. 3), but not so evident as it was 
reported for blends PEEK+PTFE [5] or PTFE+EPDM 
[11], PI+PTFE [12], PPESK+PTFE [19], poliester+PTFE 
[14], epoxidic polymer+PTFE [18]. Thus, the decrease in 
the friction coefficient was only 15...25% from the average 
value obtained for the neat PBT. In other words, if the 
engineer is content of the range given by PBT for the 
friction coefficient (0.15...0.21) and could accept the 
oscillating interval (as could be seen in Fig. 2) and other 
characteristic (especially thermal ones); PBT could be used 
without being blended with PTFE. 
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Fig.2. Variation of friction coefficient of PBT/PTFE 
blends with sliding distance from different sliding speeds 

 
The synthesis on the friction coefficient is present with the 
help of Figure 3. The spot values are calculated as average 
values of all recorded data for the friction coefficient 
during a test. At low speed (v=0.25 m/s), the average 
values of the friction coefficient when calculated for 
L=2500 m has a slight tendency to increase as the PTFE 
concentration increases. These could be explained based on 
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the running-in process taking place and to the dominant 
abrasive wear under this sliding speed. When tests are done 
with a longer distance (L=5000 m and L=7500 m) it was 
dominant a tendency of decreasing the friction coefficient, 
especially for the highest concentration of PTFE, meaning 
that at this concentration the solid lubricant is more 
effective. 
At v=0.50 m/s the average values of the friction coefficient 
are more grouped between 0.12 and 0.2, only suggesting a 
change in the type of wear process. SEM investigations 
will confirm that abrasive wear is less evident as compared 
to block surfaces tested under v=0.25 m/s. 
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Fig.3. Variation of friction coefficient of PBT/PTFE 
blends with different PTFE content and sliding speeds 

 
For v=0.75 m/s, the tendency of grouping the average 
values, regardless the distance and the block material is 
more obvious. This could be explained by the softening of 
the polymeric material due to higher speed that do not 
allow for cutting and detaching the polymer or the 
polymer blends, process of plastic deformation being 
dominant when the hard asperities acts on the soft 
material.  
 

3.2. Wear 
 

Wear is not one material property. Wear is a characteristic 
of a system functioning under certain conditions [7]. 
Thus, changing one of the system data, the resulting wear 
could differ very much. This is why the test plan is very 
important when the specialist want to evaluate the 
tribological behavior of a system. Even if the results of 

the laboratory tests could not be translated in a linear way 
towards the actual system, the information obtained by 
testing simpler tribotester could be useful in identifying 
the wear processes and their dependency on one or more 
parameters varying in ranges of interests.  
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Fig.4. The wear expressed as mass loss of the polymeric 
block for the applied load F=5 N 

 
From Figure 4, one may notice that adding PTFE into 
PBT reduces the mass loss of the tested block, especially 
for all tests. But for the already done tests the PTFE 
concentration has only a small influnece in reducing the 
wear of the polymeric blocks. Random and higher values 
for PF10 may be caused by the poor dispersion of PTFE. 
A SEM analysis revealed particular processes taking 
place both on the polymeric blocks and on the hard part 
(the steel ring).  
As compared to other polymers (polyamide, PTFE), PBT 
do not transfer as a cvasi-continuous film as it happens 
with the above mentioned polymers. The hard surface 
presents only "islands" made of PBT or its blends with 
PTFE. Figure 6 presents the aspect of the PTFE transfer 
when rubbing a block made of PTFE on the same type of 
steel ring.  
 

 
 

Fig.5. Typical aspects of the worn surface of the steel ring 
after test (PBT, v=0.25 m/s, L=7500 m) 

 
The polymer adherence is obvious and also it could be 
noticed the process of successive laminations of the 
already transferred layers. There is zones with fillers 
made of PTFE due to the intense draw of micro-volumes 
of PTFE (in the center of the image). 
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The wear debris generation from the polymeric blocks is 
characterised by bigger wear particles made of PBT as 
bulges and not laminated plaquettes (flakes) like it 
happens for PTFE sliding against steel. As PTFE has a 
good dispersion in PBT, the PTFE particles are smaller 
(even five times or more) as compared to those made of 
PBT. It is also obvious the tendency of agglomerating the 
polymer particles in bigger ones (Fig. 5) as the model 
proposed by Stachowiack in [15]. 

 

 
 

Fig.6. Steel ring on PTFE, v=0.75 m/s, L=7500 m 
 

Figure 7 revealed rare metallic particles detached from the 
steel ring (in the square area, in the centre of this image). 
In the left part of the image there is a bigger particle of 
PTFE, in-step laminated and rolled, thinner than those 
made of PBT. Other PTFE particles are included in the 
PBT particles, as one may notice in the right corner of the 
same image. 

 

 
 

Fig.7. Wear particles from the block made of PF10, as 
noticed next to the wear track on the steel ring, test 

conditions v=0.75 m/s, L=7500 m 
 
There were discovered rare metallic particles detached 
from the steel ring; even they are hard, being blanketed or 
incorporated into the polymer (especially in PBT), they 
do not intensify the abrasive wear (Fig. 8). 
Smaller PBT particles are pressed against the hard 
surface, but they seem to be plastically deformed and not 
laminated. 

Taking into account the size of the PTFE particles, their 
dispersion into the PBT volume is very good, as one may 
see in Figure 9. It seems that this dispersion is kept until 
the end of the tests, regardless the testing speed. 
 

 
 

Fig.8. Typical aspect of the worn surface from the steel 
ring (block made of PF5), v=0.75 m/s, L=7500 m 

 

 
 

a) v=0.25 m/s 
 

 
 

b) v=0.5 m/s 
 

Fig.9. Block made PBT +15% PTFE, L=7500 m 
 

A qualitative evaluation of the good dispersion of PTFE 
in PBT is given by the SEM images. Figure 9 presents the 
worn surfaces of two blocks made of PF15, after test done 



 

 409

at different sliding speeds. This good dispersion explained 
the smaller wear debris of PTFE, isolated or included in 
bigger ones made of PBT. 
The particles in Figure 10 could be the reason of the 
friction coefficient oscillations. 

 

 
 

Fig.10. Wear particles from a block made PF15, on the 
wear track on the steel ring, v=0.25 m/s, L=7500 m 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 5 10 15

W
l[

µm
/(N

.k
m

)]

PTFE Content [wt%]

v = 0.25 m/s

v = 0.5 m/s

v = 0.75m/s

Poly. (v = 0.25 m/s)

Poly. (v = 0.5 m/s)

Poly. (v = 0.75m/s)

 
 

Fig.11. Linear wear intensity (calculated for all tested 
sliding distance: L=2500, 5000 and 7500 m) 

4. CONCLUSION 
 
At contrast with other polymers like PEEK and PC, 
adding PTFE in PBT does not spectacularly improve the 
tribological behavior of these blends running against steel 
in dry conditions, at least for the testing plan done in this 
research.  
The reduction in friction is low at high speed (v=0.50 m/s 
and v=0.75 m/s), but more visible under v=0.25 m/s - the 
lowest tested speed. But adding PTFE in PBT gives 
narrower ranges of oscillations both for the friction 
coefficient and for the linear wear intensity 
As for wear, the following conclusions could be drawn 
from Figure 11. One may notice that for tests under 
v=0.25 m/s and F=5 N, this wear parameter has an almost 
linear evolution, with a very slight decrease (about 5%) 
for the highest concentration of PTFE. For the tests done 
at v=0.25 m/s there will be other criteria for selecting one 
of the four materials as they wear behavior is similar 
(these criteria could be thermal properties, cost of 
molding etc.). As the sliding speed in increased the aspect 
of linear wear intensity remains almost linear, but with 
different slopes, more accentuated for v=0.75 m/s. 
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EFFICIENCY ANALYSIS OF 
PNEUMATIC DRY SEALING  
WITH POLYMERIC RODS 
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Abstract: The linear pneumatic drives using are yet 
subjected to some restrictions, due to the metallic rod's 
mass which may generate inertia forces, leading to 
difficulties in rod's positioning or due to leakage of 
sealing lubricant, leading to environment contamination. 
A possible solution is the using of polymeric materials for 
drives' rods, with corresponding dry seals. The paper 
presents an analysis of seal's efficiency for three 
polymeric materials rods and for a large range of sliding 
speeds, in order to offer an optimization solution. 
 
Key words: pneumatic drives, polymers, seal efficiency 
 
 
1. INTRODUCTION 
 
The pneumatic drives with reciprocating motion present a 
particular rod's acceleration and velocity distribution over 
stroke length. Due to rod's mass, inertia forces occur, 
leading to possible miss positioning of the rod. In 
actuators' case this behaviour stands as a major drawback 
[1]. 
On the other hand, there are application fields of 
pneumatic drives, with high environmental restrictions, 
where rods made by metallic materials and presence of 
lubricants are both undesirable. 
A possible solution of above presented particularities is a 
combination with rod made by polymeric materials and 
rubber lip based dry sealing systems. In this case, the high 
friction between rod and lip seal act as a stabilization 
factor for the rod's motion.  
The lack of the lubricant in the sealing system friction 
leads to high wear rates of the components, affecting 
directly the sealing efficiency. This undesirable effect can 
be compensated by an appropriate rod-sealing lip 
materials choosing, such way that the developing of a 
transferred lip's material layer on the rod become possible 
[2]. This layer acts both as a lubricant and as a sealant, 
leading to the improvement of the sealing system 
performances [3]. 

Taking into account that the pneumatic drives with 
polymeric rods working on dry sealing systems are a very 
new option, the information about experimental behaviour 
of these are missing into the literature. The authors' 
researches tried to clarify several aspects [4] of these 
drives functioning. The present paper deals with the 
sealing efficiency evolution, for polymeric rods and dry 
sealing systems conditions, as this parameter have a major 
influence both on drives performances and on service life 
duration. 
Experimental acquired information can be used for design 
optimization of pneumatic drives with high motion 
precision and environmental compatibility requirements. 
 
2. EXPERIMENTAL SETUP 
 
In order to perform experimental researches, an especially 
design test rig was used, composed by a polymeric rod 
sliding in a pressurized enclosure, sealed with two 
silicone rubber lips, figure 1.  
 

 
 

Fig.1.Pneumatic drive's sealing efficiency testing rig 
1-electric drive; 2-crank-shaft mechanism; 3-electronic 

speed variator; 4-pressurized enclosure; 5-digital 
pressure gauge; 6-polymeric rod; 7-thermographic 

camera; 8-air compressor. 
 
The real functioning conditions of a pneumatic drive were 
simulated and several parameters' evolution was recorded:  
rod-lip seal contact temperature, rod and lip seal wear and 
air leakage [5]. 
During normal service of pneumatic power systems, some 
random air leakages can occur. In order to avoid the falls 
of air pressure under normal value, the systems are 
equipped with pressurized air buffers [6]. This way if a 
leakage occurs, it is rapidly compensated. 
In order to evaluate the sealing system efficiency the 
"pressure drop time" was chosen as parameter [7], defined 
as the time interval within the service pressure drops from 
maximal service value (Pmax) to the minimal functioning 
value (Pmin), when the air buffers starts to work. 
In order to investigate the influence of rod's material, on 
sealing efficiency, three polymeric materials were tested 
(polyamide - PA6, polyoxymethylene - POM and 
polyetheretherketone - PEEK). As lip seal material, due to 
the high temperatures occurred in dry friction processes, 
the silicone rubber was chosen.  
The speed limit for each polymeric material was 
established based on some preliminary tests, , in order to 
not overcome the thermal limits prescribed by the 
materials providers. 
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Previous authors researches shown that, in certain 
temperature conditions, a transferred material layer from 
lip to rod occurs [8], figure 2.  
 

 
 
Fig.2. Transferred material layer from silicone rubber lip 

seal developed on the polymeric rod 
 
In order to investigate the influence of the transferred 
layer on sealing system efficiency, the tests were 
performed with several sliding speed values, covering the 
entire corresponding thermal interval.  
The materials and testing conditions are presented in 
Table 1. 
 
Table 1.  Materials and testing conditions 
 

Rod 
material 

Lip seal 
material 

Service 
pressure / 
pressure 

difference 
Pmax-Pmin [bar] 

Sliding 
speed 

[stroke/min] 

PA6 
POM 
PEEK 

Silicone 
rubber 10/2 

105....418 
105....365 
105....472 

 
3. RESULTS AND DISCUSSIONS 
 
The results obtained after tests performing allowed to 
draw the dependencies between sliding speed, service 
lifetime and pressure drop time, for each tested material, 
figure 3. 
The variation of pressure drop time over sealing service 
lifetime show similarities for all materials. Can be 
observed (in figure 3) that in the beginning of the drive's 
service, the pressure drop time starts from a relatively 
high value, due to the tightness of the lip seal on the 
unworn rod. During first minute of working, due to high 
friction the seals temperature is growing very fast, 
allowing the appearance of the transferred material layer. 
As consequence, the pressure drop time reach a maximum 
value.  
Together with the transferred layer development also the 
wear processes starts. Even the friction is lower, due to 
lubricating effect of the layer, the wear acts both on rod 
and lip leading to a constant decrease of the pressure drop 
time values. 
From the sliding speed point of view, it is obvious in 
figure 3 that there are speed domains, specific to each 
material, where the pressure drop time reach the highest 
values. 

 
a) 

 

 
b) 

 

 
c) 

 
Fig.3. Pressure drop time evolution versus sliding speed 

and service lifetime 
a) PA6 rods; b) POM rods; c) PEEK rods 

 
The transferred layer is developed in a temperature 
domain corresponding to entire sliding speed range but 
because of material's chemical and mechanical 
particularities, the thermal conditions for developing an 
optimal transferred material layer are achieved at different 
sliding speed values for each material, figure 3. 
As consequence, the best performances of the sealing 
system, from efficiency point of view, will be obtained at 
corresponding sliding speed values, following the rod's 
material. 
During the tests was observed that the main influencing 
factor on sealing efficiency is the balance between 
adhesion phenomenon (which facilitate the appearance of 
the transferred material layer) and the abrasive processes, 
which leads to rod and/or lip seal wear. 
In appropriate thermal conditions, the adhesion 
overcomes the abrasion, the developed transferred layer 
leading to an improvement of sealing efficiency (higher 
values of pressure drop time). 
In order to investigate influence of sliding speed on 
sealing system efficiency the average pressure drop time 
values versus sliding speed dependency was drawn, figure 
4. 
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Looking into figure 4, one can observe that each tested 
material show best behavior, from sealing efficiency point 
of view, at different speed values. 
PA6 offers the best efficiency (maximum value or 
pressure drop time) around the middle values of tested 
sliding speeds. 
POM shows the best behavior in low sliding speed 
domain. 
PEEK presents two domains of high efficiency: middle 
low and middle-high speeds. 
 

 
 

Fig.4. Pressure drop time evolution versus sliding speed 
 
The best performances for tested materials are obtained 
when the fully development conditions (temperature) of 
transferred material layer are encountered. For PA6 and 
POM the corresponding sliding speed domains are 
relatively tight, 200-300 strokes/min for PA6 and 100-250 
strokes/min for POM, in figure 4.  
PEEK seems to be more stable, comparing to PA6 and 
POM, showing less variations for pressure drop time over 
the tested sliding speeds domain. 
On the other hand, if high efficiency is required for tight 
speed domains, the choice should be POM for low speeds, 
PA6 for medium speeds and PEEK for high speeds. 
In order to analyze the link between the sealing system 
efficiency and seal-rod contact stabilized temperature, the 
corresponding dependencies versus sliding speed were 
drawn, for each tested material. 
In figure 5 is presented the behavior of PA6 rods. 
In low speeds' domain the pressure drop time values are 
also low, figure 4. As the rod-lip seal contact temperature 
is increasing (due to sliding speed increasing) the seal 
become more efficient, due to the transferred layer 
formation and development. In higher speed domain, the 
high temperature values lead to hardening of wear 
particles and facilitate the overcoming of abrasion 
processes on the adhesion and, consequently, the 
transferred material layer is destroyed, leading to a 
decreasing of sealing efficiency. 
In POM rod case, due to the sensibility of the material to 
the adhesion, the formation of transferred material layer 
starts at low speed values and become fully developed 
around 200 strokes/min. As consequence, at this speed 
value are obtained the best performances of the sealing 
system (figure 6). 

 
 

Fig.5. Pressure drop time and temperature evolutions 
versus sliding speed for PA6 rod 

 

 
 

Fig.6. Pressure drop time and temperature evolutions 
versus sliding speed for POM rod 

 
In figure 7 are presented the evolutions of temperature 
and pressure drop time for PEEK rods. This material 
presents two speed domains where the pressure drop time 
reaches higher values: middle-low and middle-high. 
At middle-low speeds, the transferred material layer 
developed on the rod's surface succeed to improve the 
sealing efficiency but the corresponding lubricating effect 
is not enough, as consequence the temperature of the seal-
rod contact area is still rising with the sliding speed.  
The transferred layer developed at higher speed is more 
efficient, both consequences being present: the pressure 
drop time value increasing and the contact stabilized 
temperature dropping. 
At highest sliding speed values, the tested materials show 
different behaviors.  
In PA6 case, the temperature is rising up, due to the 
abrasion processes, having a maximum value around 375 
strokes/min, figure 5. In the highest speed domain the 
stabilized temperature show a decrease tendency, due to 
the cooling effect of the air leakage. This behavior shows 
that there is a failure interval of the sealing system, 
allowing the dropping of the temperature. 
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Fig.7. Pressure drop time and temperature evolutions 
versus sliding speed for PEEK rod 

 
The abrasion processes are more aggressive on POM rods 
leading at high speeds not only to a rise of the contact 
temperature values but also to a sudden failure of the 
sealing system, figure 6. In this case there is no time for 
air leakages to cool the rod. 
The same behavior was observed also in PEEK rods case, 
figure 7. During the increasing of the sliding speed the 
abrasion overcomes the adhesion leading to a increase of 
the contact temperature but the sealing system's failure 
occurs suddenly, without temperature dropping. 

 
4. CONCLUSION 
 
Taking into account the results of the analysis presented 
above, some conclusions can be drawn: 

 in case of pneumatic drives with polymeric rod and 
dry sealing system, the "pressure drop time" parameter 
can be successfully used for sealing efficiency 
estimation; 

 the sealing efficiency is influenced mainly by the 
balance between adhesion and abrasion processes, 
which (following temperature conditions) can lead to 
the developing of a transferred material layer from lip-
seal to rod; 

 for different rod materials, the best efficiency of 
sealing system is achieved at different sliding speed 
values (i.e. optimal thermal conditions for transferred 
material layer development); 

 regarding the tested materials, the best sealing 
efficiency is obtained for PA6 in the middle of sliding 
speed domain (200-300 strokes/min), for POM at low 
speed values (100-200 strokes/min) and for PEEK at 
high speed values (300-400 strokes/min). 

 in order to  obtain the best performances for the 
sealing system, a appropriate choosing of the rod 
material should be done, following the corresponding 
working speed of the pneumatic drive. 
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STUDY ON THE ADVANCE AND DELAY 
PHENOMENON’S IN THE ASYMMETRIC 

LONGITUDINAL ROLLING PROCESS 
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Abstract: The proper control of any rolling process 
requires a more precise determination of the strength 
parameters. This is a complicated issue, whose resolution 
requires either knowledge of the laws behind the plastic 
deformation of metallic materials in general, or the 
physical and mechanical properties of those materials. 
We know that the efforts applied to a metallic material 
during its plastic deformation are conditioned not only by 
its properties, but also by the tension that is subjected. So, 
the slip phenomenon, characterized by advance and 
delay, has an important role in the correctly sizing of the 
rolling process in general, and of the asymmetric rolling 
in particular. 
 
Key words: asymmetrical rolling, advance, delay, slip 
phenomenon 
 
 
1. ABOUT THE SLIP PHENOMENON 
 
The continuous development of technology, characteristic 
to the beginning of this millennium, makes the demands 
on the quality of the metal products and the parts made by 
them to be more severe. 
One of the main sources of increasing the productivity of 
the rolling mills already in operation is the increasing of 
the metallic material reduction per pass and the rational 
distribution of the total reduction per each pass. But, the 
increasing of reduction is hindered in some cases by the 
lack of data about the mechanical rolling equipment 
potential to handle the increased load. The clarification of 
these possibilities, i.e. emphasizing the reserves available 
to the rolling mill mechanical equipment, allows their use 
for designing more rigid reduction regimes, based on the 
maximal use of the driving and resistance power of the 
working stands subassemblies. 
To analyze the slip phenomena at the asymmetric 
longitudinal rolling, we introduce the following notations: 

 advance related to the upper roll: 

1S
S

1

S

S1
aS

−
ν
ν

=
ν
ν−ν

=                               (1) 

 advance related to the bottom roll: 

1S
i

i1
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−
ν
ν−ν

=                                     (2) 

Due to the complexity of the slip phenomenon, 
characterized by advance in the analysed rolling process, 
we admit the following assumptions: 

 In the deformation zone is a medium neutral section, 
where the speed of the metallic material vmm is the 
average between the plastic flow speeds at the roll 
surface, in the corresponding neutral points, i.e.: 
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 The neutral medium section height represents the 
average height between the sections through the 
neutral points, at the upper and bottom rolls, i.e.: 
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Therefore, from the condition of metallic material volume 
constancy provided in unit time, in any section of the 
deformation zone, we find that the average speed of the 
metallic material in that section will be: 
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Equaling between them (3) and (4), according to relation 
(1), we obtain: 
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and also: 
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After transformations, result relations for advance in the 
general form: 
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Neglecting 2
iγ and 2

Sγ  from the second and last term 
provided in brackets, due to their insignificant values, we 
obtain: 
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Because the ratio of the roll speeds equals the ratio of 
their diameters, the last relations may also be in the 
following form (if SR > iR ): 
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As has been showed above, the difference between the 
working rolls diameters does not exceed 3-8%. That’s 
why we can consider, for the coefficients “n” and “m”, 
that .iS γ=γ  Noting the ratio between the rolls diameters 

with 
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Rn = >1, we obtain in this case more expressive 

relations for the coefficients SiS m ,n ,n  and im , and 
advance: 
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It is obvious that the advance at the larger diameter roll 
can be negative when the angle ,0S =γ i.e. when 

;0Sa .rap.S =  Therefore: 

( )delaySa
n2
1nSa SS −=

−
−=            (18) 

The advance at the smaller diameter roll is always 
positive ( iSa >0). 
The correlation between the advance of the metallic 
material related to the upper roll and the advance related 
to the bottom roll will be expressed by the relation: 
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Because, according to the relation (16), the value SSa  
may be both positive (advance) and negative (delay), then 

the correlation 
i

S

Sa
Sa      

We present the relations (16) and (17) in the following 
form: 
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where .rap.SSa  and ,Sa .rap.i are called „reported advance” 
(at the simple rolling process),  
From the presentation and analysis of the relations (16) 
and (17), we can make the following findings: 

 The advance at the larger diameter roll is lower than 
the advance when rolling with the same rolls with 
equal diameters ( Sγ < ,γ  i.e. .rap.SSa < ,Sa0

S where γ  

and 0
SSa  correspond to the symmetric rolling process, 

when SRR = ). 
 The advance at the smaller diameter roll is higher than 
in the symmetric rolling process (if iRR =  and in >1, 
and im >1); 



 

 417

 The maximum theoretical values of the advance at 
maximum values of the neutral angles, for the natural 
grip angles ,2ϕ±=α  if =ϕ constant. 

 
2. THE EXPERIMENTAL RESEARCH 
 
The research for this theme purpose have been made on a 
170mm reversing two-high rolling mill, created and 
installed in the no conventional technologies and plastic 
deformation laboratory of the Engineering Faculty from 
Hunedoara.  
An experimental installation formed of: special 
construction rollers, bearings, point form’s captors for 
lamination pressure, lamination forces captors and lateral 
pressure captors it was created for research in condition of 
technological similitude symmetrical and asymmetrical 
process.  
In figure 1 it is presented in overview the mentioned 
installation, with the way force captors are assembled in 
order to determine the lateral efforts in the longitudinal 
asymmetrical lamination but also to show the author’s 
contribution regarding method of experimentation. 
 

 
 

Fig.1. Montages of captors for recording the efforts 
 
The bearing holders of the inferior roller were modified 
for recording the lateral efforts so that the respective 
captors could be installed incorporated perpendicularity 
on the bearing’s axis.  
On the surface of captors were stuck tensometric stamps 
bound in deck, stamps that modify their dimension under 
the action of the effort to be measured. These dimensional 
modifications of tensiometer stamps are generating 
variations of their electric resistance, that are proportional 
to the deformation efforts and the measuring of the forces 
is limited to the measuring of these resistance variations 
(Figure 1). 
Figure 2 shows a general view of the installation, which 
has been built by the author of this paper and which, 

compared to all the other mills, allows a simultaneous 
registering of the symmetric and asymmetric rolling 
process parameters, which are the rolling force (Fd and 
Fa), the side efforts (Xd and Xa), the pressure on the 
surface of contact with the superior roll (ps) and the with 
inferior one (pi), the real lengths of the springs of contact 
with the superior roll (ls) and with the inferior one (li). 
 

 
 

 
Fig.2. The installation for the research  

on the force parameters of the symmetric  
and asymmetric longitudinal rolling process 

1 – 140 [mm]- “A” divided head superior roll; 2 – 170 
[mm]-“B” divided head inferior roll; 3 – R = 70 [mm] - 

segment for the superior roll; 4 – R =100 [mm] - segment 
for the inferior roll; 5 – device for registering the real 

length of the contact springs; 7 – superior roll bearing; 8 
– rolling  force (F) detector; 9 – side force (X) detector. 

 
The symmetric and asymmetric rolling processes were 
obtained by introducing various radii segments into those 
particular channels, which allowed us to get the following 
ratios between the working diameters of the superior roll 
(Ds) and the inferior one (Di) (Figure 3 and 4). 
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Fig.3. Research version for a contact of the symmetrical 
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1 – superior roll (Ds), 2 –  inferior roll (Di). 
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Fig.4. Research version for a contact of the symmetrical 

rolling ][
200
140 mm

D
D

i

s =  

1 – superior roll (Ds), 2 –  inferior roll (Di). 
 

For the slip phenomena, we research the relation for 
rolling with equal diameter rolls (symmetrical): 

)(fSa ε=           (22) 

or rolling with unequal diameter rolls (unsymmetrical): 
s
aS  and )(fSi

a ε=                 (23) 

The research results for the symmetric process are given 
by the graphs shown in Figure 5 (for aluminium) and 6 
(for copper). 
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3. DISCUSSIONS AND CONCLUSIONS 
 
From the analysis of these dependences, we can see that 
they have the same character and, with the increasing of 
the reduction degree, the advance becomes as higher as 

the ration 
m

0

D
h , considered in experimentation is reduced. 

This is represented as the s
aS  domain for the smaller 

diameter roll and as the i
aS domain for the higher 

diameter roll. 
The analysis of the dependences shown in Figure 7 
highlights the fact that by transition from the symmetric 
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(dotted area) to the process, the advance develops in two 
directions: it is reduced in the larger diameter roll side 
( i

aS ), i.e. it develops in the delay direction, and in the 
smaller diameter roll side it suddenly increases. With 
increasing the difference between the working roll 
diameters, the advance for the domains s

aS and 
increasingly distance itself. 
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The higher is the peripheral speed difference between the 
working rolls, the more intense is increasing the delay 
range due to the higher diameter roll. 
From this analysis, it resulted that the rolling with a 
similar difference between the working diameters is not 
desirable, because the torque developed by the larger 
diameter roll exceeds the torque required to perform the 
process in normal conditions.  
The results we have obtained show that the delay zone 
gives information about the existence in the process of a 
difference between the peripheral speed and about the 
torque magnitude at the higher diameter roll. 
The pronounced extent of the delay zone is a consequence 
of differences in the tension state of the metallic material, 
which is near the contact surface with the rolls, and this is 
a quantity proportional to the braking action of the 
smaller diameter roll. 
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EFFECTIVE USE OF ALTERNATIVE 

FUELS IN  
INTERNAL COMBUSTION ENGINE 

 
Andrej CHRÍBIK 
Marián POLÓNI 

Ján LACH 
 
 
Abstract: The paper deals with the efficient use of 
alternative gaseous fuels in internal combustion piston 
engine, which serves to drive the aggregate in micro-
cogeneration units (MCU). The first section provides 
some basic properties of the gaseous alternative fuels 
suitable for combustion in internal combustion engines. 
Partial experimental measurements were carried out for 
spark ignition engines Lombardini LGW 702 to examine 
the performance and emission parameters. Simulations 
were carried out on a virtual one-zone model in 
simulation code Lotus Engine Simulation to find 
preliminary behaviour of the internal combustion engine 
for various types of fuels. The final part of this paper 
reports on the way of partial compensation of decrease in 
engine performance parameters via the turbocharger. 
 
Key words: alternative fuels, parameters of ICE, 
supercharging 
 
 
1. INTRODUCTION 
 
The use of alternative fuels in internal combustion 
engines is currently being increasingly getting to be 
known for professionals and also for general public. 
Particularly one reason is environmental concerns but also 
concerns about the depletion of conventional energy 
sources. One of the possible solutions, how renewable 
energy sources (RES) can be used, is production of 
electricity and heat by cogeneration unit. When 
production of fuel is rather low, it is more appropriate 
application of internal combustion engine as the drive unit 
of MCU, because the acquisition cost and overall 
efficiency are favourable for this type of unit compared 
with a system boiler-turbine-generator. The overall 
performance MCU or internal combustion engine itself 
depends mainly on input raw materials and fuel-gathering. 
The basis of all the below mentioned fuels are flammable 
components (CH4, H2, CO) and inert gases (CO2, N2). 

Table 1 gives the basic properties of the selected 
alternative gaseous fuels, chemical composition, the lower 
calorific value (LCV), density, molecular weight and 
atomic ratios of the three basic elements of fuel building 
unit. 
It can be seen on Fig. 1 that the highest calorific value at 
the stoichiometric mixture has natural gas (3.1 MJ/m3). 
Syngas has the lowest value (2.6 MJ/m3), which is 
obtained by gasification of municipal solid waste at about 
1000 ° C with limited access of oxygen. The complete 
combustion of 1 kg hythane (a mixture of natural gas and 
hydrogen) needs about 17.5 kg of air. If we want to burn a 
stoichiometric mixture of coke-oven gas (generated in the 
production of coke from coking coal), so we need about 
18.9 % vol. of fuel. 
Presence of inert gases in the fuel leads to a lower flame 
speed and reduction of nitrogen oxides (NOx), but also 
leads to a reduction in engine power and thus the overall 
effectiveness of the internal combustion engine. 
 
Table 1. Basic properties of selected gaseous alternative 
fuels 
 

Type of gas fuel Syngas Coke-oven 
gas 

Landfill 
gas 

Gas composition 
CH4 [% vol.] 5 29,5 52 

H2 [% vol.] 24 56,8 0 

CO [% vol.] 40 5,9 0,5 

CO2 [% vol.] 26 2,2 27 

N2 [% vol.] 5 5,6 20,5 

LCV [kJ.kg-1] 8 345 38 809 16 033 

Density [kg.m-3] 1,036 0,412 1,067 

Molar 
weight [kg/kmol] 25,33 10,07 26,11 

H/C [-] 0,96 6,16 2,62 

O/C [-] 1,3 0,27 0,69 
Table 1- continued 

Type of gas fuel Sewer   
gas Hythane Natural 

gas 
Gas composition 

CH4 [% vol.] 69 

H2 [% vol.] 0 

CO [% vol.] 40 

CO2 [% vol.] 26 

N2 [% vol.] 5 

Natural gas

80 % vol. 

Hydrogen 

20 % vol. 

Natural 
gas 
100      

% vol. 

LCV [kJ.kg-1] 22 959 50 916 48 825 

Density [kg.m-3] 0,987 0,582 0,705 

Molar 
weight [kg/kmol] 24,14 13,72 16,64 

H/C [-] 2,86 4,42 3,93 

O/C [-] 0,57 0,004 0,004 
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Fig.1. Selected properties of stoichiometric mixtures of 
gaseous fuels 

 
2. COMBUSTION ENGINE LOMBARDINI 

LGW 702 
 
Currently, at our institute is underway application in use 
of alternative fuels in internal combustion piston engine 
Lombardini LGW 702, whose brief description is given in 
Table 2. 

 

Table 2. Basic parameters of the combustion engine 
Lombardini LGW 702 
 

Principle of operation Spark ignition 
Number of cylinders and 

their positions 2, in-line 

Angle of crank throw [°] 360 
Displacement [cm3] 686 

Bore [mm] / Stroke[mm] 75 / 77.6 
Compression ratio [-] 12,5:1 

Double overhead 
camshafts, drive OHC, gearing belt 

Valve timing 

IVO – 18° BTDC 
IVC – 34° ABDC 
EVO – 32° BBDC 
EVC – 32° ATDC 

Preparation of mixture 

External, in a mixer, with 
electronic regulation of 
air excess ratio, system 

VOILA Plus 
 
This combustion engine examines basic economic, 
environmental and performance parameters of individual 
types of fuel. The Fig. 2 shows the selected parameters 
and compares the measured data (effective power Pe and 
specific fuel consumption mpe) against simulation results 
of the internal combustion engine for natural gas and gas 
mixture of natural gas and hydrogen (Hythane). To 
simulate operation of the internal combustion engine and 
later its optimization we used a virtual one-zone model in 
the simulation engine code Lotus Engine Simulation 
(LES). 
The comparison shows that the accuracy of the model 
against reality moves on average about 2%, which can be 
considered a reasonable value for other uses of virtual 

model. As can be seen in the figure, combustion of the 
Hythane mixture leads to performance declining by about 
2.5% and specific fuel consumption decreases by an 
average of 3% compared with the internal combustion 
engine operating on natural gas.  
 

 
Fig.2. The course of measured and calculated effective 

power Pe and specific fuel consumption mpe, depending on 
the speed of the engine LGW 702, for natural gas and 

hythane 
 

Another important factor is the improved ecological 
characteristics and especially the reduction of emissions 
on the carbon basis (CO2, CO, CHx), but on the other 
hand, rather an increase of nitrogen oxides NOx, which is 
associated with increased combustion temperatures. 
 
3. SIMULATION RESULTS FOR DIFFERENT 

FUELS 
 
In order to obtain preliminary parameters of internal 
combustion engine burning various gaseous alternative 
fuels, a series of simulations were performed.  
The Fig. 3 shows simulated course of torque (Mk) and 
specific fuel consumption (mpe) in full speed range for the 
selected gaseous fuels. As shown in the figure, the 
greatest torque is achieved when operating on natural gas 
at a speed of 2 000 min-1 (44.4 N.m) and the lowest when 
operating on landfill gas (31.4 N.m). The lowest specific 
fuel consumption for the anticipated operating speed of a 
1600 min-1 is achieved when operating on a mixture of 
Hythane (240 g.kW-1.h-1) and conversely with the highest 
consumption will drive the internal combustion engine on 
a mixture of syngas (1703 g.kW-1.h-1).  
 

 
Fig.3. The course of the calculated torque Mk and the 

specific fuel consumption mpe depending on the speed of 
the engine LGW 702 for different fuels  

(full load, stoichiometric mixture, spark advance 27°)  
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The Fig. 4 shows the dependence of total fuel 
consumption (MF) and the effective efficiency of the 
engine (ηe) for different fuel types. The maximum 
effective efficiency is achieved at an engine speed of 
2200 min-1 for operation on natural gas (30.6 %), whereas 
the lowest (26.2 %) is in operation on syngas. Fuel 
consumption MF is highest when operating on syngas. 
 

 
Fig.4. The course of the calculated fuel consumption MF 
and the effective efficiency ηe depending on the speed of 

the engine LGW 702 for different fuels  
(full load, stoichiometric mixture, spark advance 27°)  

 
Legend for Fig.3 and Fig.4: 

 
 
One of the main options how to increase performance 
parameters of the combustion engine is to increase the 
amount of combustible mixture in the cylinder through 
the turbocharger. Supercharging could achieve a 
significant increase in parameters and helps to combust 
the poorer mixtures and thus reduces the formation of 
nitrogen oxides 
NOx.

 
Fig.5. Virtual model of turbocharged engine LGW 702 in 

the program Lotus Engine Simulation 
 
The Fig. 5 shows a virtual model of turbocharged engine 
LGW 702 in simulation environment of LES, which 
simulates the operation of the turbocharged engine for 
various types of fuels. 
The Fig. 6 shows the simulation results of effective power 
and specific fuel consumption of internal combustion 
engine naturally aspirated and supercharged for synthesis 
gas and natural gas. The simulation shows that 
supercharging of ICE will improve performance and 
operating parameters. The supercharged engine in 
operation with natural gas improves performance in order 

of 56% throughout the whole revolution range. The 
improvement with synthesis gas is on average by 54%. 
Specific fuel consumption is reduced by supercharged 
ICE by 9% when operating on natural gas and by 11 % in 
the case of synthesis gas. 
 

 
 
Fig.6. The course of the calculated effective power Pe and 
specific fuel consumption mpe, depending on the speed of 
turbocharged engine LGW 702 for synthesis and natural 
gas (full load, stoichiometric mixture, spark advance 27°)  
 

 
 

Fig.7. The course of the calculated fuel consumption MF 
and the effective efficiency ηe, depending on the speed of 
turbocharged engine LGW 702 for synthesis and natural 
gas (full load, stoichiometric mixture, spark advance 27°)  
 
The Fig. 7 shows the selected parameters (hour fuel 
consumption MF and effective efficiency ηe) of 
turbocharged and naturally aspirated internal combustion 
engine. The higher increase in the hourly fuel 
consumption is in the case of turbocharged engine 
powered with natural gas by around 41% throughout the 
revolutions range. The increase in the hourly consumption 
of turbocharged engine powered by synthesis gas is an 
average of 37.5%. Effective efficiency of turbocharged 
engine is increased by an average of 3% when operating 
on natural or synthesis gas. 

4. CONCLUSIONS 
 
The use of alternative fuels in internal combustion engine 
has many indisputable advantages. One of the main areas 
of application of these low energy sources is also their 
efficient evaluation in cogeneration units. From the first 
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simulations and experimental results can be generally 
concluded that other types of gaseous fuels compared to 
natural gas are declining performance parameters of 
combustion engine due to the lower calorific value of fuel 
in the mixture. This shortcoming can be partially 
compensated by increasing the compression ratio, or the 
use of a turbocharger to achieve higher volumetric 
efficiency. The benefit of using a mixture of Hythane is 
mainly in urban transport due to lower harmful emissions, 
albeit at the cost of a partial decrease in the internal 
combustion engine performance parameters. 
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Abstract: Vehicle vibration minimization is important for 
the reasons of both comfort and safety. In this sense tire 
vibration properties are especially important regarding 
vehicles without elastic suspension, so that it is important 
to know these properties to properly influence vehicle 
behavior by design parameters choice. Due to complex 
tire behavior, necessity exists to carry out experimental 
investigations, for which in turn appropriate test facility 
is needed. In this paper basic approach for ground profile 
shape of one such facility is considered, bearing in mind 
that this profile has to serve as excitation source for tire 
vibration. Practical design considerations are named and 
several proposals for different ground profiles are given 
and discussed. 
 
Key words: tractor tire, tractor vibrations, tire testing 
 
 
1. INTRODUCTION 
 
Vibration minimization of both road and off-road vehicles 
are of crucial importance for at least two main reasons: 

 first, vehicle vibration impacts driver comfort and 
therefore ability for proper vehicle control; in a long 
term, inappropriate level of vibration exposure can 
permanently damage operator’s health; 

 second, fluctuations of vertical force between wheel 
and ground caused by vehicle vibrations deteriorate 
cornering and braking capabilities of the vehicle, 
which impairs driving safety. 

Moreover, regarding agricultural vehicles working on the 
soft agricultural soil, vibration attenuation can be seen as 
additional measure of soil protection, since dynamic loads 
can contribute to soil compaction [4, 11]. 
Refinement of vehicle’s vibration properties can be 
accomplished by making proper choice of vehicle’s 
constructive parameters and by development of 
appropriate suspension systems. Great deal of 

contribution to this process can be achieved already in 
early stage of development, by using computer aided 
engineering tools such as virtual prototyping and 
simulation. Running simulations based on virtual model 
of a real vehicle enables case studies of the impact of 
single parameters on aspects of vehicle behavior one is 
currently being focused on. This way optimal vehicle 
design can be approached even before production of a real 
vehicle prototype. Basic precondition for this approach is 
availability of vehicle model which describes real vehicle 
behavior with satisfying accuracy. 
Vibration properties of vehicle without elastic suspension, 
such as agricultural tractors, some self-propelled and 
construction machines etc., are entirely determined by the 
properties of their tires. Tire model is therefore one of the 
most important parts of vehicle model responsible for 
credibility of virtual simulation results. Typical situation 
for agricultural tractors and other off-road vehicles is 
travelling over short-wavelength road profile or impact 
obstacles and potholes. For vehicle ride vibrations 
analysis under such circumstances, Voigt-Kelvin based 
rheological tire model representing single-point contact 
between wheel and road can no longer give satisfying 
prediction of tire behavior. Such situation calls for more 
complex tire models which can demand use of greater 
number of parameters. 
In order to carry out more in-depth study of tire response 
on complex road profiles, as well as to determine 
parameters for existing tire models or to propose new 
modeling approaches, appropriate tire test facility is 
needed. In this paper a brief description of one such 
facility will be given. This facility is still under the design 
process, insomuch that ground profile shape which has to 
provide tire vibration excitation has to be developed. 
Basic considerations and design criteria for determination 
of excitating ground profile shape are the main topics of 
this paper. 
 
2. TEST FACILITY DESCRIPTION 
 
Main tasks of test facility for investigations of tire 
response to the road profile input are: 

 to provide hold and guidance of the tire withstanding 
accompanying loads in both vertical and horizontal 
directions 

 to provide driving force necessary to overcome 
motion resistance 

 to enable investigation of tire behavior under 
circumstances that are close to real tire working 
conditions 

 to enable placement of measuring equipment for data 
acquisition 

 to give possibility to control and maintain 
experimental conditions 

Test facility design provides possibilities to fulfill these 
tasks. In present case tire rolls at the ground rather than 
being pushed against rolling drum, which is the case by 
many tire test facilities. This way test results obtained will 
be close to the real tire behavior. Basic facility concept is 
depicted in simplified way on Fig. 1. More detailed 
description can be found in [12]. Tested wheel (1) with its 
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axle is attached to the carrying frame (4) which can freely 
move in vertical direction with regard to the cart (2). For 
the sake of the drawing simplification, translational joint 
elements between (2) and (4) are not depicted. This 
degree of freedom enables tire to exhibit its natural form 
of behavior when subjected to road profile input. 
Furthermore, tire itself carries entire load attached to the 
frame (4). Frame carries electric drive with variator belt 
driven gearbox (5) and tractor weights (6) which 
counterbalance drivetrain weight and provide additional 
vertical wheel load. On the top of the frame (4) there is a 
space (7) provided which can hold additional static load 
or a system for external vibration excitation, e.g. 
vibrational shaker device. Cart (4) itself is guided along 
the pair of rails (3) which provides guidance in a 
longitudinal direction so that wheel rolls over ground path 
(8), at which arbitrary shape of excitating road profile can 
be mounted. Driving torque is sent from the driveline (5) 
to the wheel by mean of chain drive, not shown in the 
figure. 
 

 
 

Fig.1. Simplified view of the tire test facility: 1 – tested 
tractor tire, 2 – guiding cart, 3 – rails, 4 – wheel carrying 

frame, 5 – electric drive with variator belt driven 
gearbox, 6 – tractor weights, 7 – place for additional 

wheel load or vibrational excitation device, 8 – ground 
 
Speed control is accomplished via frequency inverter 
which feeds electric motor, which is also used for 
braking. Additional hydraulic frictional disc brake from 
automotive applications is also mounted for the reason of 
safety improvement. This brake can be activated manually 
if needed. Belt variator between electric motor and 
gearbox can be used to continually vary the range of 
speeds at which facility can be driven. 
In order to excite tire vibrations, different shapes of 
ground profiles and obstacles will be used. Main design 
criteria for profile shape determination will be developed 
in this paper. 
 
3. VIBRATION PROPERTIES OF THE 

TRACTOR TIRES 
 
Pneumatic tire as elastic structure possesses both elastic 
and damping properties. Cushioning vibrations over 
surface irregularities while supporting the weight of the 
vehicle is one of its fundamental tasks [14]. In response to 

static and dynamic loads, tire deflection occurs. Relation 
between dynamic load and deflection response determines 
tire vibration properties. These properties are mainly 
influenced by the following factors: 

 constructive properties (shape, materials etc.) 

 inflation pressure 

 vertical load 

 rolling speed 

 local deformations and contact surface shape 

 frequency content of excitation signal 

Difficulties in tire vibration properties determination and 
analysis are described in papers dealing with in-depth 
studies of tire structure and behavior, e.g. [5, 8]. 
Pneumatic tire represents anisotropic composite structure 
subjected to large deformations leading to pronounced 
nonlinearities which can be extremely difficult to deal 
with analytically. Complex geometric shape of lugged tire 
contributes further to this issue. Furthermore, elastomers 
exhibit hysteresis and time / frequency dependent 
behavior. For this reasons analytical modeling and 
analysis of tire stress and strain state can be accomplished 
only through complex FE approach taking into account 
real material behavior and geometry. Testing of real tires 
is required in order to obtain parameter values and to 
carry out model verification. On the other hand, test 
results can also be used to develop “black-box” empirical 
models for vehicle dynamics applications. 
 
4. PROFILE SHAPE DESIGN CRITERIA 
 
Task of tire vibration analysis requires, at first, a way to 
introduce vibrations to the tire. Regarding test facility 
which enables tire to roll over the ground, there are two 
possible ways to excite vibrations: 

 first, to use appropriately shaped ground profile, and 

 second, to use external excitating force, e.g. through 
shaker device. 

First approach corresponds to excitation due to real road 
roughness, while second one can be compared to 
excitation through engine and driveline components 
imbalance.  Focus of further discussion will be first 
approach, i.e. excitation ground profile should be 
determined so as to simulate conditions of the tire rolling 
over real rough road. From this point, taking into account 
other important factors such as costs of production, ease 
of use etc., following design criteria can be established: 

 family of shapes should comprise typical functions 
used in analysis of signals and systems dynamic 
properties, such as e.g. pulse sequence, ramp, noise 
etc.; 

 frequency content should, according to possibilities, 
be at least similar to values typically obtained for real 
road roughness; 

 production costs should be kept as low as possible; 
 a possibility to easy switch from one ground shape to 
another should be provided. 
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4.1. Practical design considerations 
 

Bearing in mind requirements for low cost and simple 
use, building road profile by using wooden blocks can be 
seen as appropriate solution. By appropriate arrangement 
of a number of blocks requirements for profile shape and 
spectral content can also be fulfilled. In order to keep 
blocks in place during testing, holes for inserting steel 
wedges are provided both in blocks and in the ground, 
Fig. 2. A number of evenly distributed holes in the ground 
are prepared in advance so different configurations of 
blocks arrangement can be built. Such kind of connection 
between ground and wooden blocks enables simple 
change of configuration so one ground profile shape can 
be easily switched to another. 
 
 
 

 
 

Fig.2. Connection between profile elements and the 
ground: 1 – wedge, 2 – wooden block, 3 - ground 

 
 
5. ROAD PROFILE CHARACTERIZATION 
 
5.1. Description of real road profile 
 

As opposed to periodic signals, real road profile exhibits 
stochastic character. Random spatial distribution of road 
profile amplitude can, however, be seen as periodic 
function with infinite period, and, consequently, described 
by its frequency content according to Fourier transform 
[13]: 
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Where: h(x) – road elevation profile (Fig. 3), 
h(Ω) – complex amplitude spectrum 

 
 

 
 

Fig.3. Parameters of road profile 
 
Harmonic components are characterized by their 
amplitudes and spatial frequencies i.e. wavelengths: 
 
h(x) = HxsinΩx (2) 
 
Ω = 2π / L (3) 
 

In other words, road profile can be seen as sum of an 
infinite number of harmonic waves with different 
wavelengths L, Fig. 4. 

 
 

Fig.4. Spatial wavelength of the single harmonic 
contained in the road profile spectrum: - Hx – amplitude, 

L - wavelength 
 
Stochastic character of the road profile means that it is, in 
general, neither possible nor purposeful to predict exact 
spatial distribution of the elevation profile. Appropriate 
statistical parameters are used instead for its description 
and analysis. One of the most frequently used descriptive 
properties for such kind of random data is power spectral 
density (PSD) function [6, 13]. One of the ways to define 
PSD function, φx(f), is description of the general 
frequency composition of the data in terms of the spectral 
density of its mean square value [1]: 
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According to equation (4), estimation of PSD function 
value for single frequency can be obtained carrying out 
following steps [1, 10]: 

1. filtering of the time series sample record with narrow 
band-pass filter having sharp cutoff characteristics; 

2. computing average of the squared output from the 
filter; 

3. dividing previous result by bandwidth of the filter, ∆f  

Plot of the PSD function estimation can be obtained 
calculating its values for the series of single frequencies. 
Alternatively, PSD function can also be computed as 
Fourier transform of the corresponding autocorrelation 
function [1], which is the statement of the Wiener–
Khintchine theorem. 
Since spatial frequency is used for characterization of 
elevation profile h(x), appropriate PSD function will be 
denoted φh(Ω). 
 

5.2. PSD function of typical road profiles 
 

Previous studies have shown that dependency between 
PSD function of road profile elevation, φh(Ω), plotted 
against spatial frequency Ω, gives approximately straight 
line when represented in log-log scale graph [3]. 
Accordingly, functional relationship can be described by 
the following expression [3]: 
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Where: Ω0 – reference spatial frequency , 
φh(Ω0) – mass of road roughness [2], 
w – mass of road waviness [2] 

 
Common value for Ω0 is 1m-1, which gives reference 
wavelength L0 = 6,28m. Road classification based on 
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PSD function parameters according to ISP 8608:1995 is 
shown in Table 1 [13]. 
 
Table 1. Proposal for road roughness classification; Ω0 is 

1m-1; w = 2 [13] 
 

Level Lower 
limit 

Average 
value 

Higher 
limit 

Subjective 
judgment 

A 0 1 2 Very good 

B 2 4 8 Good 

C 8 16 32 Average 

D 32 64 128 Bad 

E 128 256 512 Very bad 
 

 
5.3. Conversion between spatial and time domain 
 

For vehicle dynamics simulation and analysis it is 
necessary to know excitation in a time domain. Therefore 
time signal has to be obtained according to spatial profile 
shape and vehicle velocity. When the vehicle travels 
along the road with some velocity v, road profile can be 
seen from body-fixed coordinate system as vertical 
displacement introduced to the wheel as function of time: 
 

h = h(t) (6) 
 

Providing that vehicle travels at constant velocity, it 
applies: 
 

x(t) = vt (7) 
 

Harmonic with wavelength L i.e. spatial frequency Ω then 
exhibits frequency ω in a time domain: 
 
h(x(t)) = HxsinΩx = Hxsinωt (8) 
 
ω = vΩ = 2πv / L (9) 
 
Finally, relationship between PSD function in spatial and 
time domain can be established [13]: 
 
φh(Ω) = v⋅φh(ω) (10) 
 
6. PROFILE SHAPE PROPOSALS 
 
Simple step function, height down 
 

This is most simple way of tire testing, in sense that this 
approach actually represents a drop test. Rolling tire drops 
from a certain height which introduces damped vibrations. 
It is common in practice to use this kind of testing for 
determination of stiffness and damping coefficient of tire 
by using logarithmic decrement method. This way a tire is 
seen as Voigt-Kelvin model (spring and dashpot 
connected in-parallel), although the nature of pneumatic 
tire damping is quite different in reality [5]. 
 
Simple step function, height up 
 

This is a case of climbing an impact obstacle. Similar to 
previous case, vibrations are introduced to the tire due to 

impact. It is possible to observe and quantify tire 
enveloping behavior due to pronounced local deformation 
while rolling over obstacle. 
 
Linear ramp, height up or down 
 

This testing condition is similar to previously introduced. 
Local deformation in the contact area will be different so 
it is expected for tire to exhibit different enveloping 
behavior than in the case of the step obstacle. 
 
Single bump or pothole 
 

This is important form of excitation profile. On one hand, 
isolated bumps or potholes are commonly encountered on 
usual road tracks and therefore represent real exploitation 
conditions. On the other hand, they can be seen as 
approximation of δ-impulse function which is often used 
in investigation of dynamic behavior of signals and 
systems due to its uniform amplitude spectrum [7]. 
 
Series of evenly distributed bumps 
 

Providing that tire rolls at constant velocity, series of 
evenly distributed bumps will cause periodic driving force 
in time domain. This way an influence of excitation 
frequency on tire response can be investigated. Different 
vibration states including resonance can be achieved in 
order to obtain more comprehensive information on tire 
behavior. Lacking possibility to introduce harmonic 
excitation, this kind of input is the most appropriate way 
to investigate to what extent the pneumatic tire exhibits a 
nonlinear nature. 
 
Quasi-stochastic profile recreated from PSD function 
 

Experience shows that the most comprehensive 
information sets on system behavior are obtained when 
the system is exposed to excitation signal of diverse 
spectral content [9], which is the case e.g. when the tire 
rolls along a real random road profile. This applies due to 
the fact that such input signals cover wider variety of 
different operating conditions, which in turn means that 
measurement data obtained that way are carrying more 
information about system behavior. Therefore it can be 
considered advisory to include such excitation into the set 
of input signals. However, use of real roads should be 
avoided due to severe drawbacks connected with it. For 
the reason of repeatability and experiment management, 
appropriate road profile (or a family of such profiles) can 
be generated so that its PSD function matches those that 
typically apply for the real roads. This requires 
mathematical approach based on inverse Fourier 
transform and properties of PSD function. Based on PSD 
function described by equation (5) appropriate choice of 
its parameters values has to be made, according to Table 
1. At the same time assumptions have to be made about 
most typical kinds of ground relevant for agriculture 
tractors. 
Equation (10) enables adjusting of input PSD function, so 
that effect of the velocity on encountered PSD function of 
input signal can be scaled if necessary. In the present case 
of limited test path length (which also implies limited 
driving speed of the wheel being tested) this is of special 
interest. 
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Proposed profile shapes are depicted in the Fig. 5. 
 
 

 
 

Fig.5. Profile shapes: a) simple step function, height 
down; b) simple step function, height up; c) linear ramp 

function, height down; d) linear ramp function, height up; 
e) single bump; f) single pothole; g) series of evenly 

distributed bumps; h)quasi-stochastic profile (ecample) 
 
7. CONCLUSION 
 
Significance of tractor tire vibration properties has been 
stated in introductory part of this paper. A test facility has 
been described that serves for investigations of these 
properties. Main topics were considerations of the ground 
profile shape that has to introduce vibrations to the tire. 
Plan to use this kind of excitation is motivated by the fact 
that this kind of excitation is also encountered under real 
working conditions of the tire. This is on the other hand 
enabled by configuration of the facility which introduces 
tire that rolls at the ground rather than being pushed 
against rolling drum. 
Proposal has been given to use wooden blocks to form 
ground profile shape. This approach was justified by low 
cost of production and possibility of simple change from 
one profile elevation configuration to another. Since test 
track profile should share basic characteristic with real 
road profile which has random character, basic properties 
of random road profiles and way of their  description are 
shown. Finally, different shapes of test ground profile are 
proposed and their basic characteristic discussed. 
In future work mathematical description and spectral 
analysis of these shapes has to be carried out and their 
geometric properties determined so that their spectral 
content gives the best possible match with those 
encountered in real roads. After that tire testing should 
begin. This can potentially bring new information about 
possible needs for further design tuning and adjusting test 
ground profile to contribute in obtaining valuable test 
results. 
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Abstract:  Various factors affect mechanical properties of 
parts produced by 3D printing (3DP) technology. In this 
paper a statistically designed experiment was conducted 
as part of a pilot study preceding a more comprehensive 
investigation on the factors which impact tensile and 
flexural strength of 3DP parts. Defining tensile strength 
as a response, two experimental factors were used – 
brand of epoxy infiltrant and temperature of specimens 
prior to infiltration. The latter factor was treated as 
categorical, being either “normal” or “preheated”. The 
results show that preheating of test specimens had 
statistically significant impact on the tensile strength, 
which deserves a more comprehensive investigation. 
 
Key words: factorial design, 3D printing, tensile-strength  
 
 
1. INTRODUCTION 
 
Known under many alternative names - from freeform 
solid manufacturing, additive manufacturing, to layered 
manufacturing - the rapid prototyping (RP) technology 
has been evolving since the eighties of the twentieth 
century. Ever since, RP has been gaining importance and 
the improvements in materials and computer hardware 
and software have promoted it into a reliable and 
ubiquitous array of technologies for  rapid generation of 
valid prototypes, and, in some cases, full-fledged 
products.     
Among the numerous family of RP technologies is the 
technology of three dimensional printing (3DP) which has 
gained wide popularity in the last decade not only among 
manufacturing engineers, but also among medical and 
jewellery industries, small workshop owners, artists, and 
enthusiasts of various profiles. 3DP is fast and low-cost 

rapid prototyping technology which does not require 
support structures to build a model.  
Fundamental to this technology is the spreading of a thin 
layer of a powdered material to form the substrate, 
followed by a selective joining of powder through 
application of binder liquid. The general-purpose powder  
used in 3DP process consists of plaster with additives, 
and readily absorbs infiltrant.  
 

Subsequent to the basic generative process – the 
processing – follows a post-processing routine, the 
principal step of which is infiltration. The process of 
infiltration involves application of liquid, viscous 
infiltrant to achieve final strength, surface finish, and, 
when required, special properties like elasticity or snap-fit 
characteristics [1]. There are several types of infiltrants 
which can be used with various combinations of 
powdered 3DP materials to produce desired effects. 
Extensive information on effective combinations of 
powder materials, binders, and infiltrants can be found in  
[2].  
A number of studies in which mechanical properties of 
specimens obtained by 3DP technology were examined 
can be found in literature. Kim and Oh [3] report on a 
benchmark study on rapid prototyping processes and 
machines where the focus was placed on quantitative 
comparisons of mechanical properties, accuracy, 
roughness, speed, and material cost. Lozo et al. [4] 
investigated the impact of various infiltrant types on the 
selected mechanical properties and surface appearance of 
3D prints. As a case study, 3D prints were used as a 
negative matrix for conventional photopolymer 
flexographic printing plate production. Pilipovic et al. [5] 
studied properties of materials used in 3DP and PolyJet 
rapid prototyping technologies. In the segment of 
investigation pertaining to 3DP, their experiments were 
restricted to cyanoacrilate infiltrants. Suwanprateeb [6] 
presented a comparative study of 3DP material systems 
for moisture resistance. He used two powder materials 
and three commonly used infiltrants, examining, among 
other factors, their flexural strength after a period of 
storage in three different conditions. In a work by Frascati 
[7] a comprehensive study was made with the goal of 
determining the effect of build position, build orientation 
and infiltration materials on the strength of prototypes. In 
the part which pertains to investigation presented in this 
paper, the author used seven infiltrating materials, 2 
cyanoacrylates and 5 epoxies. The tensile strength, 
flexural strength, and density and porosity of the 
specimens were determined and correlated.  
 

It is well established that epoxy-based infiltrants are 
superior to cyanoacrilates in terms of tensile and flexural 
strength. However, there is a lack of information on the 
effects on structural properties of using ungraded epoxy 
infiltrants. Moreover, it would be interesting to know 
whether preheating the models before infiltration can 
contribute to their final strength, and if there is any 
significant influence of the combination of the two 
effects. Therefore, this work reports on a pilot study of the 
effects of the brand of epoxy infiltrant and the 
temperature of specimens immediately prior to infiltration 
on their mechanical properties, i.e., tensile strength. 
Bearing in mind that the study was motivated by practical 
requirements for application in the field, the primary goal 
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was to gain basic information in the shortest possible 
time, and also provide initial material for a subsequent 
extensive study. For this reason, a statistically designed 
experiment was conducted on the measurement data to 
provide the required information. 
 
2. EXPERIMENTAL SETUP 
 

2.1. 3D Printing of test specimens 
 

For reasons stated in the introductory section, the number 
of measurements was kept to the minimum. 
Ten specimens, eight used in experiment and two spares, 
were printed on ZPrinter 310 Plus. Powder material was 
ZP 131, in combination with Zb 60 binder liquid. After 
3D printing was finished, all specimens were left to rest 
24 hours before the infiltration. The geometry of 
specimens is given in Fig. 1. 
 

 
Fig.1. Geometry of specimen used for testing tensile 

strength 
 

The tensile strength was tested according to standard ISO 
527. Below are given dimensions [mm] of test specimen 
from Fig 1: 
l3  - total length ≥150 
l1  - length of the narrow parallel part 80±2 
r  - radius 20÷25 
l2  - distance between expanded parallel part 104÷113 
b2 - width at the end 20±0.2 
b1  - width of the narrow end 10±0.2 
h  - thickness 4±0.2  
L0  - measurement length 50±0.5 
L  - initial distance between the machine jaws 115±1 
 

2.2. Preheating and infiltration procedure 
 

After 24 hours, the printed specimens were properly 
marked and divided into two groups of four specimens 
(Fig. 2). One group was used for the basic run, while the 
other was intended for replication. Within each of the two 
groups of specimens, two of them were left at room 

temperature, while the remaining two were subject to 180 
min. preheating in a furnace at 60 – 70 oC.  
Once the process of preheating was finished, the 
specimens were treated with two brands of epoxy 
infiltrants – S5000 epoxy (Kamnik, Slovenia), and L-
epoxy (R&G, Germany) (Fig. 3). Regardless of the 
infiltrant brand applied, all specimens were infiltrated by 
brushing. None of the two brands of infiltrants used in 
this experiment were graded or recommended by ZCorp.  

 
 

Fig.2. Two groups of test specimens, for the basic and 
replicate runs 

 

 
 

Fig.3. A dripping test specimen after infiltration by 
brushing 

 

2.3. Tensile strength measurement 
 

All specimens were checked for dimensional accuracy 
using standard calipers, and tested using the same 
procedure. Gripping was performed using standard jaws 
(Fig.4). 

 
 

Fig.4. A specimen gripped in jaws prior to beginning of 
tensile test 
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3. FACTORIAL EXPERIMENT 
 
Upon collecting experimental data, analysis was 
conducted in the form of standard factorial experiment to 
investigate the effects of two input parameters and their 
interaction on the output response of the 3DP process. 
Factorial experiment ensures that the least number of 
experiment runs are conducted in order to produce the 
maximum amount of information about how input 
variables affect the output of the investigated process [8]. 
The 22 factorial experiment was conducted using as the 
treatment combinations all possible combinations of the 
two factors, each at two levels (Fig. 5).   
 

 
Fig.5. 22 Factorial design represented in design variables 
 
Experimental data are shown in design units in Table 1. 
 
Table 1. Experimental data in design units 
 

X1 X2 
Tensile strength [MPa] 
Replication 1          Replication 2  

-1 -1       7.30      6.90 
 1 -1  11.77  12.25 
-1  1     7.85      7.90 
 1  1  13.49  13.49 

 
3.1. Results and analysis of factorial experiment 
 

The results obtained in this experiment were analyzed and 
interpreted using standard plots shown in Fig. 6 – 9. 
Shown in Fig. 6 is the main effects plot, where it is 
obvious that epoxy brand has a much larger impact on 
tensile strength than specimen temperature does, since the 
slope of the line is significantly greater. Moreover, the 
effect of each factor is proportional.    
Interaction plot gives mean response of the two factors at 
all possible combinations of their settings. As can be seen 
from Fig. 7, the slightly non-parallel lines indicate 
presence of weak interaction between the factors. The S 
infiltrant yields higher tensile strength for both normal-
temperature and preheated specimens.  
The Pareto plot was used to detect the factor effects which 
are most influential to final tensile strength of the 
specimens. The standardized Pareto plot in Fig. 8 
indicates that factor A (brand of infiltrant) has a dominant 
impact on the tensile strength. Although much less 
pronounced, specimen temperature before infiltration also 
affects the tensile strength, while the interaction (AB) can 
be disregarded as statistically insignificant at 5% 
significance level. 
In keeping with the recommended practice, observations 
from Pareto plot were confirmed by the half-normal 
probability plot (Fig. 9), where the main and interaction 
effects are plotted against cumulative probability.  

The inactive interaction effect, AB, lies on the straight 
line, while the main effects, A and B, clearly deviate from 
it. 
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Fig.6. Plot showing the main effects for tensile strength 

 
Fig.7. Plot showing interaction of effects 

 

 
Fig.8. Standardized Pareto plot of effects on specimen 

tensile strength 
 

 
Fig.9. Half-normal probability plot of effects on specimen 

tensile strength 
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ANOVA table of experiment is presented in Tab. 2. There 
are two effects with P-values less than 0.05, which 
indicates that they are significantly different from zero at 
the 95.0% confidence level. The R-Squared statistic 
indicates that the model as fitted explains 99.6% of the 
variability in Tensile_strength. The adjusted R-squared 
statistic, which is more suitable for comparing models 
with different numbers of independent variables, is 
99.0667%.  The standard error of the estimate shows the 
standard deviation of the residuals to be 0.285825, while  
the mean absolute error (MAE) of 0.155375 is the average 
value of the residuals. The Durbin-Watson statistic tests 
the residuals to determine if there is any significant 
correlation based on the order in which they occur in the 
data file. Since the P-value is greater than 5.0%, there is 
no indication of serial autocorrelation in the residuals at 
the 5.0% significance level.   

Table 2. ANOVA table of the experiment 
 

Source Sum of 
squares Df Mean 

square F-Ratio P-Value 

A:Epoxy 
brand 1.4368 1 1.4368 674.97 0.0001 

B: Spec. 
temp. 0.071193 1 0.0712 33.44 0.0103 
AB 0.00437 1 0.00437 2.05 0.2473 

Total  
error 0.006386 3 0.00213   

 

R-squared = 99.6 percent 
R-squared (adjusted for d.f.) = 99.0667 percent 
Standard Error of Est. = 0.285825 
Mean absolute error = 0.155375 
Durbin-Watson statistic = 2.2599 (P=0.5354) 
 
4. CONCLUSIONS 
 

A preliminary study of the effects of epoxy brand and 
specimen temperature prior to infiltration on tensile 
strength was presented. To allow rapid results with 
minimal number of test specimens, a 22 full factorial 
experiment was conducted. The results show that the 
brand of epoxy infiltrant has a predominant influence on 
tensile strength of test specimens. Preheating of 
specimens also contributed to increased tensile strength, 
while, the interaction of the two main effects had no 
significant impact on mechanical properties of test 
specimens. The study showed that preheating should be 
investigated in more detail. Future work shall include a 
comprehensive statistically designed experiment where, 
among other things, the preheating temperature would be 
treated as a three-level continuous factor to allow 
optimization. 
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CONTRIBUTION TO THE 

DEVELOPMENT OF THE TRACTOR-
TRAILER COMMAND VALVES AS THE 

NEW GENERATION PRODUCTS 
 

Radoljub TOMIĆ 
Predrag PETROVIĆ 
Marija PETROVIĆ 

 
 
Abstract: Based on consideration of technical and 
technological trends, the evident need and the presence of 
a new generation of products on the world market, are set 
baseline considerations regarding the entry of domestic 
suppliers in the program of tractor trailers with one, two 
and three ducts of tractor installations. The capacity of 
domestic industry, as such, it can be organized command 
valve manufacturing of high performance, quality and 
reliability, with a high level of repeatability of quality 
delivery. 
This paper presents the results of theoretical and 
experimental investigations of their own, in terms of 
determining a relation between the input and output 
pneumatic hydraulic pressure command. The base version 
is derived for the command that is gabled brake 
installation of a tractor-drawn trailers or other tractor 
that can move the fields, and can be used in the 
installation of roads, construction and other machinery. 
In order to find optimal solutions, defined as a component 
of the system, based on analysis conducted by the quantity 
of material, the required standard and special tools and 
an appropriate level of development and production 
preparation, in accordance with cost-effective series of 
possible sizes and number of pieces, which would real 
market could absorb. In this context, refers to the 
minimum number of pieces in which the threshold of 
profitability, the company was positive. The results are 
presented in tabular and graphical form.  
 
Keywords: command valve, development, production, 
trailer, tractor, profitability 

 
1. INTRODUCTION 
 
Based on consideration of technical and technological 
trends in addition the presence of a new generation of 
products on the world market, an analysis is the set for 

this starting point in relation to consideration of entry into 
the new program of domestic suppliers of tractor trailers 
and tractor installations, with special emphasis on the 
development, capture, production and sale of the 
underlying group of command valve (10-120 bar), in 
accordance with [1]. 
Otherwise, the underlying group of command valve may 
be uniquely tied to tractor trailers as one-duct, two-ducts 
or three-ducts tractor installations. 
The needs are evident and available capacities of 
domestic industries suitable for the development of these 
devices has been sufficiently that it can organize the 
production of the command valve with high 
performances, quality and reliability, with a high level of 
repeatability of quality delivery. 
Recognized manufacturers of valves in the world, ie. our 
competition in terms of production and marketing of 
brake control valves for vehicles and trailers are primarily 
Bosch, Grau, Henschel, Wabco, Atte, Girling and Haldex, 
according to sources [2,7]. 
Here, because of the limited scope of work, only partially 
present documentation basis (own and taken from other 
sources) will be presented. It is normally possible to 
define and make implementations of over 200 different 
command valve of tractor trailer. 
This group of valves can successfully be used in 
installations of the road and construction machines.  
 
2. IDENTIFICATION OF PROBLEM WITH 

CHOICE OF SOLUTIONS FOR 
IPLEMENTATION 

 
Sake of rationality the underlying consideration here was 
particularly note the only command valve trailers 470 015 
MOD X, Fig. 1, according to [9]. 
  

Purpose 
-For command and control (management) of two-ducts 
brake installation of tractor-drawn trailers or other tug, 
which can move the fields. 
-Command cylinder is pneumatic-hydraulic with servo 
action. 
 

Mode of action 
In accordance with the configurations given in Fig.1. 
 

 
 

Fig.1. Show view of the valve command 
 
The architecture of a typical valve is presented in Fig. 1, 
and structure of this device is presented in Fig. 2. From 
here it is recognized the clearly function of valve. 
This all enable to put on the brake of the tractor and trailer 
with hydraulic and air pressure systems.  
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Lever allows independent air brake for trailer, when there 
is no hydraulic input of the main servo valve of brake 
system of tractor. By activating the hand brake tractor, 
then at the same time by activating the air brake to trailer, 
gives the driver full control of the vehicle. 
It should be borne in mind that this method with 
conventional brake does not replace parking brakes on the 
trailer. When the trailer is used for driving, it must be 
ensured independent mechanical brake for parking. 
 

Maintenance: Basically it is a standard maintenance of 
hydro-pneumatic devices. Special maintenance 
somewhere can be required but usually is not necessary. 
Should be used only brake fluid or mineral oil for brakes. 
 

Recommendations for the installation: Used to connect 
two of the four screws of housing to merge. Relief valve 
(with outlet) for the hydraulic part must be turned up and 
easily accessible. Brake lever is connected according to 
the existing manual of braking lever of tractor. The 
components of a command valve are given in Fig. 2. 

 

 
 

Fig.2. The components of a command valve 
 
On the basis of our own research results (theoretical and 
experimental) are defined by the functional dependence of 
pressure Pp(Ph), between the hydraulic-control pressure 
as input and pneumatic pressure as output, Fig. 3.   
 

 
Fig.3. The functional dependence of pressure 

 
Technical data of valve:  
1- Working medium: pneumatic part; air; hydraulic part: 
brake fluid; 

2- Working pressure: pneumatic part 7.5-10 bar; 
hydraulic part: max50 bar; 
3-Hydraulic working volume:1.0/0.8 cm3 ; 
4-Working stroke: 4 mm; 
5-Thermal range of application; 233-353 K; 
6- Note for installation: venting screw must be at top. 
 

One pneumatic-hydraulic brake installation for an 
agricultural tractor with trailer command valve-TCV is 
given in Fig. 4.  
 

 
 

Fig.4. Hydraulic brake installation for an agricultural 
tractor with trailer 

 
Complement of the previous considerations, is given 
below this text. There are several models to consider. For 
example, when for activating the brake pedal of tractor 
applies a special mechanism (mechanical or hydraulic).  
The control of the brakes is activated by an appropriate 
distribution valve, which then automatically redirects 
fluid (oil) in feeder branches (installation with pump) and 
sends it to the brake cylinders of trailer wheels and then 
controlled to begin work. Trailer brake therefore has at 
the same time braking the tractor, and hence the same 
response with braking of tractor and trailer. At the same 
level of behavior is progressive brake tractor too. 
Brake system provides the general control valves, and not 
only support immediate braking. Optional trailer brake 
"Fail-Safe" (by default or failure-safe to be safe) is 
performed with a device which can be mounted in-turn 
system to provide fast-sudden braking in case of 
accidental unattached trailer. 
 
3. TECHNICAL ANALYSIS 
 
For established suitable solutions from the previous 
points, can be clearly defined component units, Fig. 2, as 
well as possible component of the system, Fig. 4, based 
on which further analysis could be done by size, 
materials, necessary tools (standard and special) and the 
appropriate level of development, production preparation 
and production, all in accordance with the possible sizes 
profitable series, and the number of pieces that the market 
could absorb, so a real company-producer can made a 
good profit. 
You must establish a rational integration of product 
components that can be profitably produced in their own 
plants and those that need to be purchased from the 
market by trusted suppliers. Percentage of hydraulics and 
pneumatics in command valve, which is discussed here, 
could be given approximately as: 
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1. pneumatic substructure - 62%,  
2. hydraulic substructure - 38%, in accordance with [1,9]. 
In order to get the desired product characteristics must be 
required good design, selecting high quality materials and 
components, with developed components in fully 
definition of high-quality products and make correctly the 
integration of devices and systems. 
It is important to choose suitable materials and 
components for making highly reliable special tools 
(production control and assembly) and logistic equipment. 
All you need to do in terms of product testing and 
verification must include a detailed program of research, 
testing and verification of devices, on the test stand and in 
real operation conditions with optional systems. 
 
4. ECONOMIC ANALYSIS 
 
Based on the own conducted analysis it was found that 
the subject device, for placement in quantities greater than 
5000 pieces, could develop and produce a stable quality 
and high reproducibility, should be first invested in the 
development and production at least To=21.630 €.   
Underlying investments are related to the implementation 
of design, technical and technological documentation, 
drawings, programs, research and testing of devices in the 
optional systems, materials, components and production 
unit, definition of material and design of special tools and 
equipment, logistics, testing and verification completely 
products. Further analysis is determined that the 
minimum possible production cost could be Ck=22€/pc 
(28.77U.S.$/pc), and that a reasonable sale price could be 
Cp=28.6€/pc (37.41U.S.$ /pc).  
Comparative sales price per unit to other suppliers of 
valves, for similar devices, is in ranging from 33.37 to 
47.08 U.S.$/pc (for extreme emergency supply of the 
highest quality products ranging up to 63.56 U.S.$/pc). 
When these parameters (To, Ck, Cp and K-number of 
pieces) included in the formula for calculating 
profitability, equation (1) and diagrams, Fig. 5 (a, b, c) in 
accordance with: 
 

K Cp = To + K Ck  or K = To/(Cp-Ck)    (1) 
 

clearly leads to the following indicators: 
 At least profitable number of unit for the given 

parameters To, Ck and Cp is achieved for Kk=3278 
pieces (see the diagram CP-critical point, threshold); 

 Bearing in mind that at the beginning of production, 
I-phase, events of  unforeseen situation (is it even 
possible to identify the stage of development) related to 
waste and hidden defects of products, some of the various 
causes (which at first was thought to represent the 
influence lower level of overall product quality), and 
finally a positive effect on running-product lead after the 
initial removal of defects and their causes, it is possible to 
determine the area of return costs and minimum cost-
effective Cpmin, second-phase (in this case to the amount 
of  K=2310-4270 pieces; Cpmin=26€/kom is obtained for 
Ko=3288 pieces); - These are own results of research; 

 The next, final stage of product life cycle, phase-III, 
it is evident that one must go to new investments 
(innovation of existing products, development of serial 

device), to be constantly maintained and raised the level 
of competitiveness of products, now under the conditions 
that determine the competition of products of new 
generation that emerged in the market, so there is 
indication that at one point the total cost of cost of 
production (T*=To+T) could be greater than revenue (P), 
and situation when is not pay off the underlying 
manufacturing, which indicates that must go to the new 
product. 
 

4.1. General notes about profitability.  
 

First, the capacity utilization level below which a 
company can not operate because it operates at a loss, is 
defined by the threshold of profitability. Threshold of 
profitability is at the level of utilization of capacity, where 
the total income (P) is equal to the total cost (T). 
 

 
(a) 

 
(b)

 
(c) 

 

Fig.5. Calculating profitability parameters 
 
Therefore, only the production of more than “Kk” 
devices, the company began generates income. Until then, 
it operates at a loss. Capacity utilization at the company is 
determined through a formula (2), 
 
 
 

   100%   100
Kmax

K=maxK 
_

≤⋅η
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where Kmax-maximum amount of possible products that 
can be produced at specific facilities involved or engaged 
with equivalent resources. The company in our industry is 
achieving threshold of profitable business practically with 
35-50% capacity utilization. 
 
4.2. Measures to increase profitability 
 

These are the first line of action which works to: 
 increase income business - reducing costs or 
increasing the reproduction and selling units in the 
market; 

 volume of assets involved-speed turnover of working 
capital for capacity utilization; 

 at the same time increasing income and reducing the 
resources involved. 

In the present context, in this case shall be taken into 
account all relevant aspects of the production, marketing 
and overall business with companies' point of view of 
existing "scheme in order to achieve better business 
results when the users get continuous products with high 
reliable quality, in the long period". 
 
5. CONCLUSION 
 
Based on consideration of technical and technological 
trends and the presence of a new generation of products 
on the world market, has been assigned the starting point 
in relation to consideration of entry into the new program 
of domestic suppliers of tractor trailers and tractor 
installations, with special emphasis on the development, 
capture, production and sale of the underlying group of 
command valves (10 -120 bar). 
It was pointed out that the underlying group of command 
valves can be uniquely tied to tractor trailers  
With one-duct, two-ducts or three-ducts in tractor's 
installations. 
The needs are evident and available capacity of domestic 
industries suitable for the development of these devices 
has been sufficiently, that it can organize the production 
of the command valves with high-performance, quality  
and reliability, with a high level of repeatability of quality 
delivery. 
Details are shown as the relevant technical aspects of 
command brake valves, as well as their place and role in 
theirs belonging installations. 
In order to rationalization of the subject, here is 
particularly emphasized a command tractor-trailer valve.  
470 015 MOD X. The own results (theoretical and 
experimental) of research on determining the functional 
dependence of the output pneumatic pressure of the 
hydraulic control pressure are presented. 
The basic model which is done is two-ducts braking 
installation of tractor-drawn trailers or other tractors that 
can move the fields. 
For established suitable solutions must be clearly defined 
component-based system that can still perform the 
analysis of quantities, materials, necessary tools (standard 
and special) and the appropriate level of development, 
production preparation and production itself, all in 
accordance with the possible sizes cost-effective series or 
the number of pieces that the market could absorb a real 
company-producer made a good profit. 

In this particular case analyzed certain number of pieces 
is a critical threshold of profitability or below which a 
company can not operate because it operated at a loss. 
The own results of research are given. 
 
ACKNOWLEDGMENT 
 
This work was created as a result of the project, the 
number of TP 35031, entitled "Development and 
application of methods and laboratory equipment for 
conformity assessment of technical products," co-
financed by the Ministry of Education and Science of  
Serbia, 2012. 
 
REFERENCES 
 
[1] Nikolić Lj., Mihajlovic G., Tomic R.:(2010) 

„Research of  parameters for development and 
prototyping family of tractor-trailer”. Innovative 
project contracted with Ministry of science  R. of 
Serbia, IP-024 (Con.: No. 391…, TIP 1/10), Trstenik.  

[2] www.erentek.co.uk/conv-kits.htm/trailerbrake control 
valve/erentek-prod.htm 

[3] www.alibaba.com/productgs/.../Foot_Brake_Valve_  
4613150420.htm 

[4] SAFIM Via Livingstone,6 - 41100 Modena (Italy)... 
HYDRAULIC_TRAILER_BRAKING_SYSTEM.pdf 

[5] www.easternmarine.com/.../trailerbrakes/ 
Trailerbrakes_hyd.htm 

[6] www.hiipumps.com/.../Air driven air pressure 
amplifiers AA500B 

[7] www.brakecontroller.com/maxbrake.htm /MaxBrake 
Brake Controller 

[8] www.ctk.uni-lj.si/users/pusnik/prezentacija-ekonomi-
cnost.ppt 

[9] The standards, Regulations, Cataloging and Project 
Documentation. 

 
 
CORRESPONDENCE 
 

 

Radoljub TOMIĆ, Ph.D., Sc. Eng. 
"Prva Petoletka-S&R" JSC 
Emperor Dusan Str. 101 
37240 Trstenik, Serbia 
radetomic@ppt.co 

 

 

Predrag PETROVIĆ, Ph.D., Sc. Eng. 
Institute “Kirilo Savić” 
Vojvode Stepe Str. 51 
11010 Belgrade, Serbia 
mpm@eunet.rs 

 

 

Marija PETROVIĆ, B.Sc.Tech.Eng. 
Institute “Kirilo Savić” 
Vojvode Stepe Str. 51 
11010 Belgrade, Serbia 
mpm@eunet.rs 

 



 

 439

 
INVESTIGATION OF SELF-EXCITED 

OSCILLATION INSIDE A CAVITY 
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Abstract: The paper introduce the experimental 
determination of formation conditions of self-excited 
oscillations and dependence of oscillation frequencies in 
relation of constant inlet velocities of the fluid inside a 
cavity. The experiments were done on a unique 
hydrodynamic table and the results were evaluated with 
the so-called hydrodynamic analogy. 
 
Key words: hydrodynamic analogy, flow-around, flow-
simulation 
 
 
1. INTRODUCTION 
 
The investigation of flow processes with air or other gases 
in real cases are sometimes hard to perform. So it could 
be useful to choose an approach with some simplification. 
Here is described the solution with the use of a liquid 
quasi-two-dimensional flow. In comparison between this 
experimental approach and reality could be observed 
similarities and relations which were described in the so-
called hydrodynamic analogy. This experimental method 
is a very  illustrative  way  of an analog solution while the  
 

 
 

Fig.1. Photography of the hydrodynamic table. 

complexity of initial and boundary conditions does not 
matter so much.  Another plus is that the flow process 
running in a larger time scale, which results from lower 
speed of wave propagation on the liquid surface in 
comparison with sound speed in gases. Detailed 
information about this approach could be found in 
Merzkirch [1], Nožička [2] Goldstein [5] and White [6]. 
The main goal of this article is the investigation of self-
excited oscillation of the flow stream inside a cavity 
which should simulate the case of sound production inside 
a wood-wind instrument. It was made for enlargement the 
knowledge base for further experimental approaches in 
this experimental field. Because empirical approaches 
need a lot of results to obtain the right conclusions for 
correct interpretation and later interpretation. 
Another thing that should be mentioned is the comparison 
of this experimental case with numerical simulations, 
which is nowadays very popular. This approach could 
save a lot of money and time if it is done properly. An 
example is later shown inside the results section. 
 
2. MEASUREMENT METHODOLOGY 
 
The experiment was done on the unique hydrodynamic 
table (Fig.1) which allows visualization of two-
dimensional flow of the liquid. The function is very 
simple and it is easy to explain with the help of Fig. 2.  As 
 

 
 

Fig.2. Simplified scheme of the hydrodynamic table. 
 
fluid medium is usually used water with black color for 
cellulose fibre. This color is nature-friendly and very 
strong so that only a small amount is necessary to get 
non-transparent water fluid. The mixing process is done 
in the inlet chamber. As water source is used the local 
water supply network. From there is also given the 
maximal flow limitation of 600 liters per hour. A short 
way behind the inlet chamber is, short before the 
recording process, sprinkled dispersion with fine 
aluminium particles by a special prepared tool. The 
particles are used for visualization of the streamlines, 
because it has a high contrast factor against the black 
colored water. To obtain a uniform slim cover over the 
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liquid surface it is necessary mix the aluminium particles 
with special fluids, else were formatted relative big 
clusters of aluminium which were inappropriate for 
visualization. From there the fluid with the visualization 
cover flows through the working area. The bottom of this 
area is a glass board. It is used with regard to low 
roughness and high transparency. The transparency option 
is used in experiments with different methodology. In the 
working area is commonly installed an examined 
geometry. Behind the working area comes the outlet 
chamber, from where the liquid goes to the drain. For 
higher flexibility it is managed to interchange the flow 
direction without the necessity to rebuild the geometry. It 
could be used for some investigation for flows inside 
reversible channel arrangement etc.  
For the visualization are another two things necessary, an 
adequate illumination of the observed area and a 
recording device. The streamlines could be often visible 
with the naked eye but for recordings of the pictures and 
observation of small differences is required a photo 
camera with a wide range of shutter. The shutter speed 
has to be set in relation to the flow velocities that are 
observed. 
The geometrical objects and they arrangement inside the 
working area could be very miscellaneous. The 
limitations are given by the working area space, one meter 
width and two meters long, and the fact that the case is 
only quasi two-dimensional. It should be taken in account 
that the working should contain an inlet part at which the 
flow profile could develop and also an area for the wake 
behind the investigated geometry. The size of these parts 
varies with the regard for different geometries which are 
investigated and what the experimenter is interested in. 
The objects and arrangements which could be installed 
inside the working area are very diverse from a lot of 
kinds of flow around profiles or channels etc. 
Another thing that belongs to this section is the possibility 
to obtain pressure estimation on required points. That 
could be in some corners inside a channel or on the front 
or background of a body. The hydrodynamic analogy 
explains the relation between the water level difference at 
given points to the pressure difference at the same points. 
To measure the water level high was also developed a 
new interesting tool [4]. This tool had a vertical travelling 
really thin tip.  When this tip comes in contact with the 
conductive fluid a sound signalizes that. After that could 
the experimenter read the actual water level size. Another 
option is the recording of frequencies of the contact 
between the tip and the fluid, so that the tool allows 
obtaining oscillations frequencies. For this function is 
necessary to connect via the terminal a visual unit which 
record the contact peaks. 
 
3. EXPERIMENT 
 
The model for this experiment was inspired by woodwind 
instruments (Fig.3.). The basic phenomenon for this 
research is the fact that trough a small channel - 
mouthpiece flows continuously air inside the instrument. 
This flow is continuously and stabile. From the 
mouthpiece flows the stream inside a resonator. Inside the 
resonator rise the pressure and after a threshold value is 
exceeded the air flows out from the resonator. This 

oscillation causes later the sound that is heard. This 
phenomenon is hardly to observe, but with the help of the 
hydrodynamic table it is possible to do visualization. As 
mentioned higher this approach has some simplification 
and nuances from the real phenomena.  
 

 
 

Fig.3. Woodwind instruments. 
 
The experiment layout with dimensions is given in Fig. 4. 
The dimensions were chosen with regard of the 
functionality, good observation and demonstration 
possibilities. From the inlet chamber flows the colored 
water with the aluminium dust coating to a relative long 
channel, which should calm the flow and let develop the 
velocity profile over the whole channel width. After that 
follows a narrowing into a nozzle and behind flows the 
stream inside the chamber or out. 
 

 
 

Fig.4. Scheme of the experiment arrangement. 
 
The most significant geometric dimensions are depicted at 
Fig.5. a is the distance between the nozzle outlet and the 
upper corner of the resonator, there were set two positions 
for the collection of measurements 70 or 140 mm. b is the 
deepness of the resonator chamber from the upper corner. 
This value was chosen in four ratios 0.5, 1, 2, 3 to the 
dimension a. That means the values depicted in Fig.4 or 
the for the second configuration of a = 140 mm are the 
values 70, 140, 280, 350 mm. These different variations 
of the dimension b could be interpreted as different tuning 
in a wood-wind instrument, because with the deepness of 
the resonator changes the length of the waves and also the 
oscillations. c is the width of the resonator and it is 
constant for all experiments, 160 mm. d is the width of 
the nozzle it is 20 mm for all experiments. The part over 
the resonator is designed best as possible for simulating 
the outlet to free air. From this part flows the fluid to the 
outlet chamber. The last thing which was influenced was 
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the volume flow which varies from 100 to 600 liter per 
minute with a step of 100.  
 

 
 

Fig.5. Sketch of the most important geometrical 
dimensions. 

 
4. RESULTS 

 
4.1. Experimental Results 
 

Fig.6. shows only a small set of photographs obtained 
during the experiment, but it gives a good view of one of 
the experimental outputs. It is easy to observe the way 
how the oscillation takes place inside the chosen 
geometry. 
In the first photograph goes the stream half outside and 
half inside the resonator chamber. In the second flows a 
significant part inside the chamber and the fluid is 
accumulated inside. This accumulation could be 
interpreted as pressure rise inside the resonator.  
Meanwhile in the third photograph had the fluid level 
inside exceeded the marginal valued and the fluid flows 
outside the chamber and deflect the stream which 
provided the filling of the resonator chamber. The fourth 
photograph closes the set. Here is to see that the main 
stream begins lean again to supply the resonator chamber 
with fluid because the water level inside the resonator is 
low enough again. And the whole oscillation process 
starts over and over again. 
As an interesting output could be mentioned the following 
charts. They open us the knowledge of the behavior of the 
experimental system in various relations.  
In Fig.7 are displayed two charts which chows us the 
dependence of oscillation frequencies on different 
characteristic dimensions and flow rates. These results 
were obtained via a counter which had monitored the 
higher in the text mentioned contact sensor [4]. The 
characteristic dimension D is defined as a sum of the 
dimension between resonator and nozzle outlet and the 
resonator depth: 

baD +=         (1) 

It is interesting to observe that with higher flow rates the 
changes betwen the oscillations are lower. And in the 
configuration with the longer distance betwen the nozzle 
and upper corner of the resonator the frequencies are 
more stabile and only a small shift to higher frequencies 
will occure with the increasing of the flow velocities. As a 
result for a wood wind instrument could be mentioned 

that the right distance of the parameter a will provide a 
better and more stabile shape of the tone. 
 

 
 

 
 
 

 
 

 
 

Fig.6. Quasi-two-dimensional visualization of a stream 
oscillating in and out-wards of the resonator chamber. 
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Fig.7. Dependence between the oscillation frequency and 
the characteristic dimension D [m] for the gap 

a = 70 [mm] (upper chart) and                     
a = 140 [mm] (lower chart) at different volumetric     
flow-rates varying  from 100 to 600 liter per hour. 

 
The charts in Fig.8  represent the relationship betwen the 
Strouhal's  number and the pressure difference between 
nozzle outlet and the outlet of the working area which 
have the function as reference atmospheric pressure. So 
this difference indicates direct the energetic level of the 
inlet stream. The Strouhal’s number is defined as:  

w
fDSh ⋅

=  ,       (2) 

where D is the upper mentioned characteristic dimension, 
f  the oscillation frequency and w the inlet velocity.  
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Fig.8. Dependence of Strouhal’s number Sh [-] on the 
pressure difference p [MPa] for the a = 70 [mm] (upper 

chart) and a = 140 [mm] (lower chart) gap and for 
different ratios of b/a 

In the last charts in Fig.9 could be seen the relation  
between Strouhal's and Reynold's number for different 
ratios of the resonator deepness. The Reynold's number is 
defined as:  

ν
wd ⋅

=Re  ,       (3) 

where d is the characteristic dimension of the nozzle at 
the outlet, w the – outlet velocity of the nozzle and             
ν – kinematic viscosity. 
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Fig.9. Dependence of Strouhal's number on Reynold's 
number for the gap a = 70 [mm] (upper chart) and 

a = 140 [mm] (lower chart). 
 

4.2. Comparison with numerical simulations 
 

One of the main goals of these experiments was also the 
comparison between the measured case and numerical 
simulations. As computation software was used the 
commercial ANSYS Fluent 13. The mesh of the model 
was build by Gambit 2.3.16 it could be seen in Fig.5., it 
contains tri- and tetragonal elements. This mesh and also 
the later simulation are so far two-dimensional. In the 
final form had this mesh 102000 elements. 
 
 

 
 
 

Fig.10. Computation mesh for the simulation made in 
Gambit 2.3.16 
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Fig.11. Short example of numerical computations with the 

unsteady SST k-ω incompressible model. 
 
For the computations were set the following boundary 
conditions. At the entrance was chosen velocity inlet with 
rates corresponding to the experiment. The outlet was set 

as pressure outlet with constant counter-pressure to ensure 
constant pressure rates at the outlet. The remaining 
geometry was defined as wall.  
In the actual state were the simulations done by the SST 
k-ω incompressible model. Because the observed process 
is variable in time, the solver was set as unsteady with a 
time step of 0.02s, else were the oscillation of the stream 
not possible to observe. The convergence condition was 
selected for all monitored values 10-4. 
In Fig. 11 is depicted the similarity between the real 
photographs from the experiment to the results of the 
numerical simulation. As could be seen the match 
between the reality and numerical simulations is not 
perfect, but some equal structures could be recognized.  
The numerical simulation of different cases is a very 
diverse thing. A lot of parameters should be set to match 
the given case. And to choose them correctly a lot of 
simulations have to be done. But if that fact is done a lot 
of other cases whit similar conditions could be simulated. 

 
5. CONCLUSIONS 
 
A lot of measurements were done and in a short summary 
could be given the final conclusions of this work. 
The charts in Fig.9 present an analogy between the flow 
of air and water given by the hydrodynamic analogy. In 
the application in air means these aliquot tones, which are 
a line of tones with multiple frequencies with the 
comparison of the keynote. The turns in the charts make 
visible that also in water under some conditions by 
repeating dimensions some local frequency maximum 
occurs. This knowledge could be used by designing of 
devices with self-dosage without any other impulses. The 
rising tendency in the charts in Fig.8. shows that the 
Strouhal’s number is direct proportional to the 
overpressure. 
As a verification of the measurements could be used the 
chart in Fig. 10. The rising tendency corresponds to the 
predictions from the theory. 
Discrepancies in charts could be found in cases with 
really low depths of resonators, typical with ratio of 0.5, 
because a periodical oscillation could be hard to achieve. 
Also the experiment had shown that for tone generation it 
is not necessary to have a periodical forced supply, only 
the energy loses by damping have to be covered. 
To the numerical part had to be mentioned that from the 
presented pictures in Fig.11 some similarities could be 
find, especially in the part of the top boarder of the 
resonator. Also high similarities are in the filling and 
outflow of the resonator chamber. Some mismatches are 
in the area of the lower end of the resonator chamber, 
where is in the experiment a higher intensity of the eddy.  
For the future simulations will be adjusted the end outlet 
part because at the given state some simplifications could 
had influenced the simulation so that some that some 
divergence to the experiment occurred. Also there will 
change some turbulent parameters of the SST k-ω model. 
Another step in the future should be the build of a 3D 
mesh with a phase boundary, which better suits the 
experiment. 



 

 444 

ACKNOWLEDGEMENT 
 
The authors gratefully acknowledge the support by the 
grand project SGS 2823. 
 
 
REFERENCES 
 
[1] Merzkirch W. (1974). Flow visualization, Academic 

press, ISBN-0-12-491350-4, New York and London. 
[2] Nožička J. (1967). Analogové metody v proudění, 

Academia Praha, Praha. 
[3] Šidlof P. (1972). Použití hydrodynamické analogie 

pro výzkum výměny obsahu válců spalovacích  
 

motorů, Vysoká škola strojní a textilní v Liberci, 
Thesis, Liberec. 

[4] Petříková M., Kneř J., Jerje P. (2010), Snímač 
hladiny elektricky vodivé kapaliny, zejména výšky 
hladiny a frekvence jejího kmitání. Úřad 
průmyslovho vlastnictví, č zápisu 21409. 

[5] Goldstein I., Richard J. (1983), Fluid mechanics 
measurements, Taylor and Francis, ISBN-1-56032-
306-X, Philadelphia. 

[6] White F. M. (2001), Fluid Mechanics – Fourth 
Edition, McGraw-Hill Education, ISBN-0-07-
0697167 

[7] Ansys Inc. (2011), Documentation for ANSYS 
Fluent 13, ANSYS Inc., Canonsburg. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CORRESPONDENCE 
 

 

Markéta PETŘÍKOVÁ, Ing. 
Technical University of Liberec 
Faculty of  Mechanical Engineering 
Studentská 2, 
461 17 Liberec, Czech republic 
marketa.petrikova@tul.cz 

 

 

Pavel PEUKERT, Ing. 
Technical University of Liberec 
Faculty of  Mechanical Engineering 
Studentská 2, 
461 17 Liberec, Czech republic 
pavel.peukert@tul.cz  

 

 

Pavel KRYŠTŮFEK, Ing. 
Technical University of Liberec 
Faculty of  Mechanical Engineering 
Studentská 2, 
461 17 Liberec, Czech republic 
pavel.krystufek@tul.cz  

 



 

 445

 
INVESTIGATION OF THE SOLUBILITY 
OF OXYGEN IN WATER-JET EJECTORS 
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Vladas VEKTERIS 
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Abstract: This paper investigates  a simple design of the  
wide used three water-jet ejectors. It was found that 
aerators with vortex flows increase the oxygen solubility 
in the water compared to the classic design Venturi pipe. 
Water-jet ejector with vortex flows creates optimal 
conditions for fluid aeration. 
 
Key words: water-jet ejector, air solubility, fluid aeration. 
 
 
1. INTRODUCTION 
 
During the change process of iron particles from divalent 
iron ions to trivalent insoluble ferric compounds, the 
water is always in need for additional oxidation, that is 
why it needs to be aerated. It is common to use a classical 
ejector the Venturi tube for air aeration. [1] 
Ejector‘s work is based on the working flow of kinetic 
energy transfer to the ejected flow maintaining 
uninterrupted contact mode. Operating flow is supplied  
by the pump for such a construction of the aeration in the 
ejector. The out taked working flow ejected through the 
ejector nozzle creates a vacuum because of which  the air 
through the nozzle is inhaled, which is mixed in the 
mixing chamber with the working flow. The resulting 
liquid mixture is discharged through the diffuser, there  
oxygen is dissolving in the liquid. The main purpose of 
mixing is to increase mixture‘s components‘  phases 
contact surfaces, thus the intensity of the reactions 
between them increases. [2]  
The oxygen solubility in the liquid is a diffusion process, 
which is expanding in two-phases system: in gas and in 
liquid. Diffusion process review pioneer was Fik.He 
found a physical analogue of the heat transfer process and 
diffusion, which allowed him to use the Fourier equation 
to solve oxygen diffusion rates in the liquid from the air 
bubbles. Therefore, the mass exchange rate is indicated by 
Fiko law [3].  

dy
dCDA

dt
dM

−= .                                                           (1) 

 
where: dM / dt - mass exchange speed rate; 
        D - diffusion coefficient; 
        A - the area through which the gases diffuse into the 
        liquid; 
        dC / dy - concentration gradient, i.e., concentration 
        changes according to the distance. 
 
Mass transfer basis shall be the diffusion of oxygen 
molecules from the gaseous aggregate state to the liquid . 
It may be molecular, convectiv and turbulent. [4] 
Diffusion rate speed is determined by these key factors: 
molecular size, concentration, electrical potential 
difference, the pressure difference  inside and outside the 
cell, temperature, and surface area. [5] 
The main criteria describing work efficiency of the 
construction of jet aeration is the amount of oxygen 
dissolved in the liquid. Having an intention to create a 
more efficient liquid aerator it is necessary to analyze the  
oxygen solubility concentration in the liquid. 
 
2. OBJECT OF INVESTIGATION 
 
To investigate the wide use of liquid aeration chosen - a 
classic Venturi tube (Fig.1). [6] 
Investigation of alternative to increase  water aeration 
efficiency using two created newly developed ejectors (2 
– 3 fig.). [7] 
All this aerator constructions is made up of: stream inlet, 
air intake, mixing camera, diffuser.  
 

 
 

Fig.1. The clasic Venturi pipe: 1 – stream inlet; 2 – air 
intake; 3 – mixing camera; 4 – diffuser 

 
Classical construction Venturi tube principle of operation 
(Fig. 1).: working flow enters in through device socket 1 
enters the nozzle, in which the flow rate is increased but 
the pressure drops - potential energy changes into kinetic 
energy. Sprayed flow is ejecting the entering working 
flow through the device socket 2  and directs it to the 
mixing chamber 3, later it is directed to diffuser 4. 
In the mixing chamber the pressure of the mixture begins 
to rise and the speed is falling down, the exchange of 
working flow’s mass  is happening. 
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Fig.2. Scheme of blade jet pump: 1 – stream inlet; 2 – air 

intake; 3 – mixing camera; 4 – diffuser; 5 – twisted 
blades 

 
In the construction of blade ejector (Fig. 2) the movement 
of opposite flows is used. To start a working flow  helical 
vanes have been used 5. If the flows are given opposite 
movement, they face each other and that is how cavitation 
zone is formed in the mixing chamber 3, which activates 
the dispersion process, increasing the ejected flow’s 
contact area and hence the solubility. 
 
 

 
 
Fig.3. Scheme of the jet pump with the tangential stream 
inlet: 1 – stream inlet; 2 – intake; 3 – mixing chamber; 4 

– diffuser 
 
In this ejector’s construction with the introduction of 
tangential flow (Fig. 3) working flow is introduced 
tangentially 1, for it to give vortex flow motion.  
Working flow’s direction of movement is installed on the 
contrary to the ejecting media flow, to form the cavitation 
zone in the mixing chamber 3.  
Cavitation activates the dispersion process, which 
increases ejecting flow’s contact area and hence the 
solubility. 
 
3. EXPERIMENTAL STAND AND 

TECHNIQUE 
 
Especially for this study purpose test stand was designed  
(Fig. 5)., which consists of a water tank 1 for primary 
water verification. From this capacity using the water 
pump 2 the fluid is supplied through the flow meter 3, 
adjustable valve 4,  manometer 5 and fed to the study 
subjects 6 from which  the water  tank was filled 7. The 
water from the tank 7 was studied with oximeter 8 
(inoLab Oxi 730). 
The experiments were carried out in the following order: 
The first test: 

 
 

Fig.4. The experimental stand investigation on the 
solubility of oxygen in water-jet ejectors. 

 
The supplying water dissolved oxygen quantity was fixed    
to O2, mg/l (Fig. 5). 
When the water pump was turned on, the valve was 
adjusted according to the flowmeter readings and the 
water flow rate was selected at Qs = 0,97 m3/h (Fig. 5). 
Using the oximeter dissolved oxygen quantity in the water 
was recorded O2, mg/l (Fig. 5). 
Water flow rate was selected Qs = 1.15 m3/h, and again  
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig. 5). 
Water flow rate was selected Qs = 1.31 m3/h, and again 
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig. 5). 
 

 
 

Fig.5. Experimental stand with Venturi pipe: 1 – water 
capacity; 2 – water pump; 3 – flow meter; 4 – adjustable 
damper; 5 – pressure meter; 6 – the clasic Venturi pipe; 7 

– capacity; 8 – oksimeter 
 
Second test: 
When the water pump was turned on, the valve was 
adjusted according to the flowmeter readings and the 
water flow rate was selected at Qs = 0,97 m3/h (Fig. 6). 
Using the oximeter dissolved oxygen quantity in the water 
was recorded O2, mg/l (Fig. 6). 
Water flow rate was selected Qs = 1.15 m3/h, and again  
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig. 6). 
Water flow rate was selected Qs = 1.31 m3/h, and again  
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig. 6). 
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Fig.6. Experimental stand with blade jet pump: 1 – water 
capacity; 2 – water pump; 3 – flow meter; 4 – adjustable 
damper; 5 – pressure meter; 6 – the blade jet pump; 7 – 

capacity; 8 – oximeter 
 
Third test: 
When the water pump was turned on, the valve was 
adjusted according to the flowmeter readings and the 
water flow rate was selected at Qs = 0,97 m3/h (Fig. 7). 
Using the oximeter dissolved oxygen quantity in the water 
was recorded O2, mg/l (Fig. 7). 
Water flow rate was selected Qs = 1.15 m3/h, and again  
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig. 7). 
Water flow rate was selected Qs = 1.31 m3/h, and again  
dissolved oxygen quantity in the water was fixed to O2, 
mg/l (Fig.7). 
 

 
 

Fig.7. Experimental stand with modificated jet pump: 1 – 
water capacity; 2 – water pump; 3 – flow meter; 4 – 

adjustable damper; 5 – pressure meter; 6 – the jet pump 
with the tangential stream inlet; 7 – capacity; 8 – 

oximeter 
 

4. RESULTS AND DISCUSSION 
 
In test results (Fig. 8) of these three aerators: The 
CLASSIC venturi pipe (Fig. 1)., The jet pump blade (Fig.  
2)., The jet pump with the tangential inlet stream (Fig. 3); 
Oxygen’s concentration dependence from  the water flow 
debit is shown. 

For dissolved oxygen quantity test measurement and 
analysis we have used oximeter inoLab Oxi 730, 
oximeter’s  measurement range is : (0 to 200)% O2, (0 to 
19.9) mg/l O2 (0 to 90) mg/l O2 and tolerances of ± 0 5%. 
During the testing of aerators, it was assumed that the 
created new model ejectors will saturate water with 
oxygen better than the classic model  - the Venturi tube, 
because the out taken working flow’s aerator’s torch  
shape is closer to the spiral form of the vortex, which 
creates a flow pulsations improving oxygen’s solubility in 
the liquid. [9]  
The results of the study research were to determine the 
most efficient ejector model which would improve the 
diffusion process in the two contact-phase system: gas 
and liquid.      
 

 
 

Fig.8. Solubility of oxygen in water-jet ejectors according 
to water flow rate 

 
(Fig. 8) The data ejector oxygen solubility in water at 
three different water flow rates 0.97 m3/h; 1.15 m3/h and 
1.31 m3/h, this allows to see the most efficient aerator 
oxygen solubility dependence because of the water flow. 
 

 
 

Fig.9. Solubility of oxygen in water-jet ejectors 
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From the charts we can see, that the aerator with the 
introduction of tangential flow reaches a maximum 
efficiency of  oxygen solubility in water mg/l  at the same 
liquid flow rate and compared to widely used, classic 
construction model - the Venturi tube. 
 
5. CONCLUSION 
 
It is shown that the aerator with the introduction of 
tangential flow reaches maximum efficiency for oxygen 
solubility in water. 
From the obtained  charts’ we can conclude that the work 
of the investigated ejectors is more efficient operating at 
higher work flow rates up to 1.31 m3/h.  
It was found that the oxygen solubility in the liquid is 
improved by the aerator’s spiral vortex form, which 
creates the flow pulsations. 
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ANALYSIS OF IRRIGATION SYSTEM 
"DRIP BY DRIP" 

 
Vojislav SIMONOVIĆ 
Dragan MARKOVIĆ 
Ivana MARKOVIĆ 

Žarko ČEBELA 
 
Abstract: This paper analyzes the irrigation system "drop 
by drop" because of its importance and effectiveness of 
the fruit. As a demonstration drip irrigation system was 
analyzed irrigation system installed on a private estate in 
Umčari - Belgrade. The system covers six plates of fruit 
(pear and peach), different sizes, where the first and the 
last table on the height difference of 92m, a total length of 
the system is 2000m. Calculation and analysis included 
the diameter of the pipe and the working pressure and a 
choice of pumps, and can be applied to a wide range of 
similar irrigation systems. 
 
Key words: irrigation, drop by drop, laterale, emitters, 
pump. 
 
 
1. INTRODUCTION 
 
Detailed studies of mutual relationships between water, 
soil, crops, terrain and appropriate agro climatic 
conditions, show that drip irrigation systems for cost-
effective, sustainable systems for the distribution of the 
precise amount of water in the root zone of each plant in 
the programmed intervals. Irrigation system "drop by 
drop" of water to be distributed through a network of 
major crop lines, secondary lines and laterale with the 
outflow directed into the gap of their length. Each 
emitters, supplying a given aperture, precisely controlled 
amounts of water, nutrients and other substances 
necessary for growth, directly into the root zone of plants. 
Water and nutrients entering the country from the 
emitters, moving into the plant root zone through a 
combination of gravity and capillary forces. In this way, 
the plant receives moisture and nutrients almost 
immediately. 
Drip irrigation is the most efficient and economically 
rational form of irrigation. While the efficiency of 
irrigation systems (spray) of 75-85%, drip irrigation 
systems have efficiency of 90% or more. It simply means 
less waste of water. Drip irrigation is ideal (most 

convenient) method of irrigation in arid regions. But drip 
irrigation has other benefits that make it useful almost 
anywhere. These systems are easy to design, installation 
and operation, are cheaper and reduce the problem of 
diseases caused by high humidity. 
The high efficiency of these systems stems from at least 
two factors. The first is that, the water soaking the ground 
before it reaches to evaporate. The second is that, as water 
is applied only where it is needed, ie. in the root zone of 
plants and thus more efficiently and economically 
justifiable to use, in particular the importance which it has 
as a resource in the future. 
The most important part of these systems is the emitters. 
Emitters must meet a minimum of two conditions: a 
continuous trickle of water and an equitable distribution 
of water in relatively large areas at certain pressure 
oscillations in the system. All previous solutions emitters 
in relation to the principle and terms of practical 
applications can be classified: 
1. emitters of free holes, 
2. emitters  damped opening, 
3. emitters – spirals, 
4. emitters – labyrinths, 
5. micro – tube emitters, 
6. emitters of the combined solution, 
7. porous hose (pipe), 
8. other emitters. 
 
2. MATERIAL AND METHOD 
 
Design of drip irrigation system starting from the spring 
water. Coverage springs dictates the maximum capacity 
of the system. Taking into account: the requirement of 
cultivated species in the standard frequency of watering 
and irrigation, and water demand per unit time, access to 
the calculation of the number of sectors which should 
comprise the whole system for drip irrigation. Based on 
the flow of water that gives pump, pipe diameter is 
calculated by the main and auxiliary lines, selects filters, 
venturi injectors and other components necessary to 
ensure proper functioning of the drip irrigation while 
feeding. Going forward, given the description of the "drop 
by drop" in one example derived from orchard practices. 
 
3. RESULTS AND DISSCUS 
 
Description of the irrigation system built "drop by 
drop." The irrigation system was constructed in the 
vicinity of Belgrade (Umčari) in an orchard on an area of 
4 ha. The specified area is divided into a total of 6 boards 
that are detailed further described in this paper.  
Table 1 (area 0.9h): This panel is trapezoidal in shape, 
measuring approximately 100x90m and it is peach. There 
are a total of 25 lines with a few subrows. The difference 
between the top to the bottom line is 5m. The lines are 
oriented downhill. From the shafts of a distributive hose 6 
/ 4''to set the top row, and finally, where suvrsci, divorce 
is reduced to 5 / 4''. The manhole, after the main valve to 
the board, shall be installed to control the pressure gauge 
for this board.  
Table 2 (area 0.68h) planted a peach. The dimension table 
is approximately 123x55m and has a total of 15 lines. The 
difference between the top to the bottom line is not less 
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with at least 600m should be set for pipe pn = 16 bar, and 
then to a manhole pipe for PN = 10 bar. This solution 
requires the channel to be done pipe no fracture, no stone 
on the bottom, we must not break the unfolding pipe and 
must be carefully cover (soil without stones) and a good 
fucking country. It is desirable to dig to a depth of not less 
than 1m. Empirically we know that pipe 2'' and can 
withstand 15 bar, but if a little distracted in the production 
of extrusion operating mode (enough is to change the 
voltage and temperature), it can make a problem. 
Calculation. Nearly all of the table with a similar length 
of hose "drop by drop." The approved project conditions:  
1) The capacity of wells is 2 l / s, 
2) Each board is fully irrigated at once. 
On the basis of a critical panel of  Table 3 is the 
maximum length of hose. Selects the lateral capacity 2l / 
h, p = 2bar. It is necessary to determine the distance 
between two emitters, ie. Step emitters (K). 

K = m
qQ

L
k
L

n

8.0
2/36002

2880
/

=
⋅

==  

k n –  number of emitters,  
L – ukupna dužina creva [ ]m  
Q – total length of intestine [ ]sl /  
q – flow per emitters [ ]hl /  
Emitters with a flow of 2l / h provides a uniform step 
raspodelu.  Adopts a step emitters 0.8 m. 
Calculation of pipe diameter and operating pressure. 
Adopts the pipe diameter of 2'' ( mmDn 50,63 =φ ), which 
is after the pump outlet diameter. At point E the pressure 
required is 2 bars ( recommended value). Pipes are made 
of polyethylene for standard pressure 6, 10 and 16 bar. 
Based on the recommended values of velocity V = 1.5m/s 
flow Q = 2 l / s with a ruler to read pipe nominal diameter 
D = 50 mm and the nominal diameter is D = 40mm. 
 
Table 1. Calculation of the flow through the pipeline 
 

Table Long of pipe, 
 L [m] 

Diameter,  
Dn [mm] 

Flow,  
Q [l/min] 

Table 4 - 5 L 5,4 =2375 D n =40 Q 4 5, =100 

Table 3 L 3 =300 D n =40 Q 3 =120 

Table 2 L 2 =300 D n =50 Q 2 =120 

Table 1 L 1 =400 D n =50 Q1 =120 

605,4
q

K
LQ ⋅= [l/min] , K=8, q=2l/s 

 
Table 2. Calculation of pressure drop 
 

Point 
Drop of 

preasure, 
[bar] 

Preasure in
point, [bar]

Hidrostatic 
preasure, 

[bar] 

High 
diferent,

h [m] 

E FEp −∆ =1.86 Ep =2.5 hsp =0.7 h =7 

B EBp −∆ =2.7 Bp =5.26 hsp =0 h =0 

A BAp −∆ =0.96 Ap =7.72 hsp =1.5 h =15 

C CAp −∆ =1.28 Cp =11 hsp =2 h =20 

D DCp −∆ =1.28 Dp =17.28 hsp =5 h =50 

where the pressure at a point calculated by the formula: 
while the pressure drop is read from the chart pumps. 
Working pressure = 17:28. For the first 400m (CD) 
adopted by the PE pipe D = 50mm and p = 16 bar, and the 
other 400m (AC) pipe of the same size for p = 10 bar. The 
values of the pump pressure drops are taken from the 
chart resistance to flow of cold water in the pipes.  
Pump selection. Adopted the pump power 7.5 kW, 
whose parameter values are shown in Table 3. 
 
Table 3. Value for Q and H 
 

Q[l/min] 40 60 80 100 120 140 160 180 200
H[m] 272 266 257 244 225 202 175 140 98

      
According to the table is determined by the pump 
operating point given diagram, Figure 2.  
 

 
 

Fig.2. Diagram of the pump operating point 
 

For flow Q = 120 l / min and the height H = 225 m is 
obtained that the working point of the pump ( work point) 
in the middle of the diagram, the effort - the ideal flow 
case. 
 
4. CONCLUSION 

 
Modern agriculture is unthinkable without irrigation. 
Before installing the system it is necessary to determine 
whether sufficient resources of water, and then an 
economic analysis system.  
Experience has proved that the irrigation system "drop by 
drop" economic the most rational irrigation system. In 
relation to unirrigation surface, and from a normal year, 
the irrigated areas this system yield is higher by 30 - 40% 
for one class is better quality fruit. In a dry year period 
yield is higher by 100% and at least one class is better 
quality fruit.  
Also, these systems are used for sealing all kinds of fruits, 
vegetables, and flowers, indoor and outdoor spaces. For 
desert, where water resources are limited, none of the 
irrigation system can not compete with irrigation systems 
"drop by drop." More than 90% of the construction is 
made of plastic, and with minimal attention and 
maintenance is provided an unlimited shelf life.  
As the Serbian big producer of fruit, the need for 
irrigation to increase yield is very strong, so in this paper 
presents and analyzes the specific project of this kind of 
irrigation system approximately 4 ha of fruit. 
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ON THE DESIGN AND ANALYSIS OF 

THE MATERIAL FLOW AT AN 
INTELLIGENT MANUFACTURING 
CELL: BENEFITS OF THE USE OF 

SIMULATION 
 

Daynier Rolando DELGADO SOBRINO 
Peter KOŠTÁL 

Radovan HOLUBEK 
 
 

Abstract: The Institute of Production Systems and Applied 
Mechanics has been working in the design, development 
and improvement of a Flexible Manufacturing Cell within 
the frame of research and academic purposes. Due to the 
scope of new projects and the need of turning this cell 
into a more flexible, autonomous and intelligent one, i.e.: 
Intelligent Manufacturing Cell, the present paper emerges 
with the main aim of contributing to the design and 
analysis of the material flow of such a cell under the new 
“intelligent” denomination. For this, besides offering a 
general description on how the material flow should be, 
some principles to consider in the functioning of the cell, 
some possible alternative scenarios and the states of the 
cell are offered as well. All this is done with the intentions 
of relating it with the use of simulation tools, for which 
these have been briefly addressed with a special focus on 
the Witness simulation package. For a better 
comprehension, the previous elements are supported by a 
detailed layout, other figures and a few expressions which 
help obtaining necessary data. Such data and others will 
be used in the future when simulating the scenarios in the 
search of the best material flow configurations. 
 
Key words: Flexible/Intelligent Manufacturing 
System/Cell (F/IMS/C), material flow design, layout, 
reverse and direct flows. 
 
 
1. INTRODUCTION 
 
The last decades have witnessed a significant migration 
from traditional production systems to a more flexible and 
intelligent manufacturing. These still rather emerging 
FMS are capable of processing different types of products 
in an arbitrary sequence with insignificant setup delays 
between operations, and are mainly distinguished from 

other types of manufacturing systems by the following 
characteristics: high degree of functional integration, 
complex tool management and complex control software. 
Such systems as well all their most modern fellows, e.g.: 
Intelligent, Holonic and Agent-Based Manufacturing 
Systems are relatively expensive and thus and even when 
it is becoming better over the years, just a few companies 
can get to their implementation. As for solving these cost 
matters, a growing tendency to develop and use just 
smaller versions, e.g. I/FMC, is taking place both with 
real life production intentions or as research projects 
helping to evolve the field, [1, 2, 3 and 4]. 
Conscious of this, the IPSAM consists of a FMC. This 
cell is composed of several subsystems, i.e. Cartesian 
robot (CR) and Shelf-storage system (SS), and in a very 
close future of others like a small robot for the 
transportation of the parts and finished pieces inside the 
cell (Robotino), and another one dedicated to the 
palletization and despalletization (ABB robot). At present 
this FMC is still subject for further improvements and 
under a constant changing process towards a more 
intelligent, evolved and autonomous cell, i.e.: IMC. 
Changes related to such migration already encompassed 
most of the design and acquisition of new needed devices, 
and are currently being mainly focused in the design, 
analysis and projection of its material flow, hence from 
this point on; it will be referred to as the IMC. The 
reminders of this paper will be organized in section 2: 
Initial design, description and analysis of the material 
flow at the IMC, section 3: Some basic principles to 
consider during the material flow design, section 4: Other 
possible alternative scenarios, section 5: States of the cell, 
and section 6: Conclusions and further research issues. 
 
2. INITIAL DESIGN, DESCRIPTION AND 

ANALYSIS OF THE MATERIAL FLOW AT 
THE IMC 

 
The future material flow is intended to function as 
described below, useful analysis and viewpoints related to 
this section could be found in [5, 6, and 7]. For the sake of 
comprehension in Fig. 1 the design of the IMC layout is 
shown: 
The material flow begins at the Palletization area with 
buffers (PAB), where unsorted part, i.e.: pistons and 
cylindrical housings wait to be manipulated. An ABB 
robot inside the area will select and place the right parts in 
the right position on the pallets as well as the assembled 
pieces in the boxes during the reverse flow. Such robot is 
intended to collaborate in a close future with camera so as 
to make possible these tasks. Such camera will identify 
the 3 types of cylindrical housings and 2 types of pistons, 
it will be located in the same PAB consisting on a high 
quality source of light, so as to unequivocally enable the 
identification of the colors of such housings, and then 
select the right one according to need of the batch being 
produced as commanded by the computer controller; 
colors of the cylindrical housings are silver, black and 
red. In a future such camera is also supposed to be making 
some surface quality control either of the parts or the 
assembled pieces, as well as to be helping in the selection 
of specific parts needed for a certain batch, when being 
these spread and mixed with different ones all over the 
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area. The camera will be effectively located (inclined) so 
as to visualize the parts in 3 dimensions. Fig. 2 shows 
some pictures of the parts intended to be assembled in 
principle inside the IMC: 
 

 

  
Fig.1. Detailed Layout intended for the IMC. 

 
 

  
 

Fig.2. Parts integrating the pieces intended to be flowing 
through the IMC. 

 
The shelf at the PAB where the pallets will be located 
consists of 4 positions that will be used either for the 
direct flow of parts or the reverse flow of the pieces. Once 
the pallets and their parts are ready, each pallet having 
one and only one part, these are handled by another 
smallest robot (Robotino), which moves between such 
PAB and the SS. This second storage area consists of 12 
positions and an input/output one (I/O) where in a simple 
and first approximation, all parts must be placed when 
coming from the PAB, and pieces or empty pallets when 
going either from SS to the PAB or directly from the 
Rotating Device (RD) to the PAB, in case these are not 
stored in the SS before being transported. The SS is 

supposed to have in principle 2 available positions so as 
to avoid any kind of collision, this number could vary in 
dependence of the operating scenario and once the cell 
starts running, time standards must be determined so as to 
more mathematically justify such number of needed 
empty positions for which it could be useful the use of 
Simulation.   
Parts being placed by Robotino at the I/O can either be 
moved into SS having to wait, or directly moved by a 
Manipulator (M) to the RD, for which the M must have 
stored the previous pallet(s) from the RD into SS first (it 
could be a pallet with an assembled piece, a piston’s 
pallet or both of them). The selection of one of the 2 
previous alternatives, besides having to do with the 
importance of the order being processed or simply the 
will of prioritizing the direct flow of parts or the reverse 
flow of pieces, could be better justified in future work 
when having the time standards of Robotino and its 
combination the ABB robot to take parts towards the SS, 
and the time standards of the M, RD and the assembly 
process; this and the possible combination of all these 
time standards at their different operative speeds which 
are at present unknown, could differentiate other working 
scenarios.  
The RD either takes parts into the Assembly place (AP) 
or takes the pieces out from it when assembled. Once the 
parts are in the AP, first the cylindrical housing and then 
the piston which is also transported by Robotino, 
different grippers from the 3 existing ones are taken for 
the realization of the assembly process. The assembly 
process begins with arrival of the cylindrical housing 
which is fixed, then the piston is introduced, right after 
the spring, and finally the cover, the last 2 ones are in 
buffers located in the same AP. Assembled pieces just 
like any empty pallet, can either remain in the RD 
waiting till the incoming part being transported by 
Robotino from the PAB is stored in the SS, or be directly 
moved into the SS while the incoming part takes its place 
in the RD, the course of action decided will lie on the 
elements explained in the last paragraph. In any of the 
cases, pieces and empty pallets taken by Robotino when 
coming back to the PAB are placed in the 4 places shelf, 
and then pieces are taken by the same ABB robot into the 
proper boxes as it can be seen in Fig. 1.  

 
3. SOME BASIC PRINCIPLES TO CONSIDER 

DURING THE MATERIAL FLOW DESIGN 
 

1. There must be predetermined paths for Robotino to 
follow between the PAB and the SS (optimized paths), 
such paths could depend on the decided operating 
scenario. In principle and in the most simple of the 
cases, there must be predetermined paths for Robotino 
between each of the 4 positions of the shelf in the 
PAB and the I/O 

2. The PAB and the SS must be as close as possible 
3. The I/O position should be always kept available for 

any Robotino ingoing movement (RIMj) from PAB 
4. It must be a priority not to unnecessarily keep pieces 

in the SS and that Robotino never comes back empty 
5. Manipulations of the M and rotations of the RD 

should be optimized to a minimum so that less energy 
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and time are used as well as less complexity added to 
the system 

6. Robotino should not wait for a part being still 
assembled to come back when having stored ready to 
return pallets in the SS 

7. The M should never wait for the a part coming with 
Robotino to assemble a piece if having available parts 
in SS 

8. The speed of the devices in the cell should tend to the 
maximum always that the quality keeps being as 
desired, this would increase the throughput. The 
combination of all possible operative speeds could 
yield a hard combinatorial problem that could be 
better analyzed in further research 

9. The material flow must be as simple and linear as 
possible 

10. The computer controller and the pallet identification 
system software must collaborate so as avoid 
unnecessary movements and anticipate some actions, 
e.g.: a. Robotino should not load a piece and take it 
towards the I/O when there will be a collision and it 
would have to take it back, b. every time Robotino is 
coming back from the I/O at least 1 position must be 
available, why to place a pallet and mount a part if it 
would create a collision and would have to be 
removed back from the shelf. Elements of intelligence 
like these are intended to be added to the cell 

11. It should be kept empty in a first approximation and as 
a security measure against collisions in the cell, 2 
positions between the SS and the RD. In case there is 
only 1, which could be a minimum bound, no collision 
takes place anyway 

12. The position Robotino takes the pallet from should be 
kept available so that when it comes back at any 
Robotino Outgoing Movement (ROMw), there is a 
free position to place. By preference and under the 
concept of reducing variability, it is desired to keep 
such same position but in case there is another 
finished piece to dismount, the position Robotino took 
the pallet from could be optionally occupied since 
there will be a free position anyway. Notice that 

 1,  and can be also referred to as the number of 
empty pallets (eps) plus the number of finished pieces 
(fpc) returned back from the I/O. Then regarding each 
ROMw takes one and only one pallet back, and that 

 1,  and  1, , it can be stated that: 
 

                                                       (1) 
 
This previous expression, if considering the number 
of pieces of bad quality in the cell, let us call them 
by Fp where  1, , and also knowing the value 
of eps, could be turned out to obtain the Throughput 
(T) of the cell at any time, i.e.: 
 
T ROM  F  ep                                         (2) 
 

It is important to state that although most of the 
principles are proper from this paper, it was useful to 
analyze some rules, see 8 and 9, from [3, 4], as well as 
the whole paper itself of [6].  

4. OTHER POSSIBLE ALTERNATIVE 
SCENARIOS 

 
Some other possible scenarios could occur and be 
analyzed in future work. Some of these are briefly 
mentioned as follows: 
1. The normal working scenario described in heading 2, 

plus the consideration of a time buffer based on the 
future analysis of the time standards, e.g.: Robotino, 
the ABB robot, the M and the SS could be assumed to 
start working sooner so as to have a certain number of 
parts when the systems starts, it would propitiate a 
more balanced cell in case Robotino is verified as the 
bottleneck 

2. The normal working scenario described in heading 2, 
plus the operation of Robotino in all 4 first level 
positions of the SS besides the I/O, this could 
eliminate manipulations and favor the direct and 
reverse flows 

3. The normal working scenario described above with 
the combination of both of the last 2 previous 
considerations 

4. Another different scenario to the explained in heading 
2, where there would be possible to transport both the 
cylindrical housings and covers on the same pallet. It 
would keep containing as sub-scenarios the previous 3 
ones. 

It is important to outline, that each one of these variants 
could also include others regarding the possible different 
operational speeds assumed for each resource, their 
combinations and the prioritizations, etc.,  this way, even 
when not being in the most complex of the cases, the 
problem presents itself as a combinatorial one which are 
usually non-polynomial-hard (NP-hard), meaning that the 
time required to find the optimal solution, increases 
exponentially as the problem size increases linearly, for 
which the use of heuristics, metaheuristics or even 
approximation approaches are worth taking into account. 
The following expression 3 has a great value of use and is 
a good starting point to get to another one that in future 
papers, helps determining the total number of scenarios or 
combinations to be explored and compared in the targeted 
IMC. 
Such future expression will be used for each original 
scenario initially identified, so that, either making vary 
one of its elements (devices of the IMC) through all its 
possible discreet values or, several devices at the same 
time, the number of combinations derived from each 
original scenario, let us call them Subscenarios, can be 
determined. Notice that the term Subscenario will be just 
used to indicate where they come from, at the end each of 
them will be assumed as a another configuration of the 
MS to be further simulated and analyzed in the search of a 
better material flow. 

 

,  !
! !

                                                (3) 

 
where: 
n: total number of scale values that the elements of cell 
(devices) being searched for combinations, have together 
in their discreet or discretized varying scales 
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k: number of varying devices being searched for 
combinations 
However, despite the previous expression offers all the 
combinations and give an insight on what must be 
calculated, it does not distinguish between the 
combinations inside the same set and those among sets, 
being just the last ones which are needed and possible, 
given the characteristics of the problem and goal of this 
research, i.e.: it is neither possible nor logical to have at 
the same time 1 device operating at 2 or more different 
speeds. To help discerning on this inconvenience, it is 
useful to have a look into the pair-wise combinations field 
which fits part of the research need of strictly searching 
among different sets. Similarly, the graph theory and 
specifically the complete bipartite graph problem help 
also understanding the nature of the needed future 
expression and how to get to its final formulation; from its 
perspective, each pair of sets must be simply seen as 
complete bipartite graph. 
However, these theories themselves do not exactly match 
or totally cover the requirements of our needed 
expression, and as in most of the practical applications, 
either some modifications should be made to let them fit 
or they can just be used to partially address the problem. 
From these analyses, the authors allow themselves to 
decide on a final expression to be proposed in future 
work. The same will be just intended in a first 
approximation, for the particular use case addressed 
through this paper. 
 
5. THE POSSIBLE STATES OF THE CELL  
 
The cell could be empty, with remaining capacity, full but 
not under collision, under collision and interrupted: 

 The cell is full but not under collision, always that 
being full 3 of the 4 positions at the PAB, there are 2 
other empty ones among the RD, SS and the I/O. 
Otherwise a collision could occur 

 The cell has remaining capacity when there are at least 
empty 2 places among the SS, RD and the I/O is also 
empty. Any other additional empty positions on the 
shelf in the PAB can besides contribute to this state 

 The cell may be under collision when (1) it is not 
possible at any RIMj to place parts in the I/O since 
this is full by any relocation process, this could be 
solved if existing at least 2 or more empty positions, 
among the RD and SS, otherwise the collision 
remains. Other possibilities of collision are: (2) being 
empty the I/O there are no other empty spaces to push 
the pallet forwards, i.e.: the SS and RD are both full, 
and (3) at any ROMw the 4 position shelf in the PAB 
is full. All of these possibilities even when mentioned 
are supposed to be stopped from happening if the 
system executes and follows the principles and thus 
acts and reacts intelligently 

 The cell is interrupted when by any circumstance and 
without a collision, it is not running. The interruptions 
can be partial, planned, not planned, casual or due to 
others reasons. 

6. BENEFITS OF THE SIMULATION 
PACKAGE “WITNESS” FOR THE DESIGN, 
ANALYSIS, CONTROL AND 
OPTIMIZATION OF THE MATERIAL 
FLOW 

 
When analyzing the states of the art and practice and the 
manufacturing systems design problem itself, tons of 
simulation sotware somehow fit what is needed for the 
analysis, control and optimization of the material flow, 
e.g.: Promodel, Plant Simulation, Arena, SIMUL and 
Witness among many others.  
 
Table 1. Main advantages and disadvantages of the use of 
simulation in FMS and IMS 
 

Advantages Disadvantages 
It explore and analyzes 
possibilities (answers to 
what if questions) 

The construction of the 
models require some 
special training 

It diagnoses problems The results could be 
difficult to interpret 

It develops understanding It can be time consuming 
and expensive 

It visualizes plans and 
prepares for changes 

If used improperly it 
could imply significant 
risks 

It evaluates and validates 
future changes, new 
designs and theories 
related to the elements of 
the system, even before 
the technology and 
resources have been 
acquired, which  
diminishes the risks 

It frequently lacks of 
several flexibilities 
needed to be considered 
when dealing with FMS 
and IMS and thus some 
assumptions should be 
made 

It compares alternatives  
It helps predicting future 
disturbances in the 
systems and test different 
solution scenarios 

 
Source: Modified based on Heilala (1999)  
 
Commonly, such software-based simulations, either using 
a common purpose simulation language, e.g.: SIMAN, 
SLAM or GPSS or a simulation tool package, e.g.: Arena, 
Promodel, Witness, etc., tend to model FMS and IMS as a 
set of interconnected queues, in which a workstation is 
represented by a single-stage service facility with an 
input/output queue. The material handling system is 
usually considered as a resource for which these 
workstations compete. The load/unload stations, although 
depending on the type of layout, are generally at the 
entrance and exit of the simulation model. In such a 
network of queues, parts are customers and it is the 
dispatching rules in the production schedule, usually 
LIFO, FIFO, RANDOM, Priority and others, which 
determines how to route them to the next machine. From 
the viewpoint of flow, a part is simulated as being either 
in a waiting, transporting, processing or controlling state 
in the system. Within a FMS unlike other production 
systems, the part might be transported to any capable 
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workstation at some decision points depending on such 
dispatching rules. In the case of an IMS, this event could 
occur similarly but however, some degree of uncertainty 
could be expected since the system would be supposed to 
perform operations in a more open and autonomous way. 
In either of the cases simulation functions as an interface 
to the physical system trying to capture its current status 
and thus works as a feedback for continuously improving 
the performance. Simulation can not only deal with the 
current states of the system, but also with the future 
uncertainties by randomly generating the future 
disturbances or according to a probability of future 
disturbances estimated from the past history. It can also 
be used to shorten any kind of long term evaluation or 
testing process, and to validate new designs, technologies 
or changes regarding the physical elements of the systems 
based on the model results. This makes the mean time 
among proposals or designs, their correction and the 
complete implementation, shorter and less risky, since 
simulation could also help stopping the acquisition of any 
“necessary” resources associated to such designs, when 
inappropriate results from the models have been obtained. 
In the following table is presented a summary of the main 
advantages and disadvantages of using simulation in FMS 
and IMS. 
Considering what is stated in the previous table and also 
taking into account some of the rules commonly found in 
the literature for defining if simulation is inappropriate for 
a given case or not, (Banks, 1998 cited in Heilala, 1999), 
the decision makers can definitely have the certainty of 
the importance and adequacy of simulations when 
designing, analyzing, optimizing and controlling a 
production system as it is intended to be done and pursued 
herein, such rules are listed as follows: 
1. The problem can be solved using common sense 

analysis 
2. The problem can be solved analytically 
3. It is easier to change or perform direct experiments on 

the system 
4. The cost of simulation exceeds the possible changes 
5. Proper resources are not available for the project 
6. There is not enough time for the model results to be 

useful 
7. There are not data, not even estimates 
8. The model cannot be verified or validated 
9. Project expectations cannot be met 
10. System behavior is to complex or cannot be defined. 

On the other hand, from a deeper analysis on the benefits 
each one of the many simulation tools offers, several 
authors like Prasad Senniappan, 2001; Verma at al., 2009 
and Gupta. et al., 2010, have made their comparisons and 
got to important conclusions which, if also taken into 
account that the analytical models become hard to be used 
due to the inner flexibility and autonomy of these kind of 
systems, underline in most of the cases, the vital role of 
such packages in the design, analysis, control and 
optimization of production systems, that is clearly the 
main objective pursued through this paper. 
Such comparisons and conclusions, along with the points 
addressed before, made possible for the authors of this 
paper to verify the superiority by many reasons, of the 

Witness simulation package, widely proving this way its 
efficacy for coping with the already mentioned goals 
persued through this paper. 
The following figure 3 shows an interface of Witness 
when trying to be used for the IMC described herein. 
 

  
Fig. 3. Interface of Witness when partially trying to 

simulate the IMC 
 
7. CONCLUSIONS AND FURTHER 

RESEARCH  
 
Through this paper it was contributed in a first 
approximation, to an initial design of the material flow at 
the IMC of the IPSAM. As for helping comprehending 
some of the descriptions and situations, both figures, a 
detailed layout of the IMC and some expressions 
accompanied the sections. The paper creates a basis for a 
broader research project which includes the migration till 
the phase of functioning, to an IMC. Further research 
ideas are related but not limited to the improvement of the 
material flow described herein and the application of the 
ideas using simulation so as to start analyzing the 
different scenarios. 
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Abstract: Rotary or orbital forging is relatively new 
forming technology, which has made considerable 
expansion in 1960’s. Due to its advantages when 
compared with other technologies, orbital forging is 
increasingly becoming a significant production 
alternative. This is one of the bulk metal forming 
processes with incremental die motion. In this process the 
axis of the upper die is inclined at a small angle with 
respect to the axis of the lower die, causing the forging 
force to be applied only on a small area of the workpiece. 
Advantages of rotary forming compared with 
conventional forming are numerous:  energy and material 
savings, better quality of the workpiece, longer tool life, 
ecological advantages. 
The present paper provides insight into the orbital 
forging main principles with the focus on kinematical 
aspect of the press. Application of the process with its 
advantages and limitations is also presented. Some 
examples of rotary forging industrial applications are 
shown and discussed. 
 
Key words: incremental forming, orbital forging, 
kinematics 
 
 
1. INTRODUCTION 
 
Rotary or orbital forging is an incremental bulk metal 
forming process which differs from conventional forging 
in many aspects. In rotary forging the axis of the upper 
die is inclined relative to the axis of the lower die (Fig.1.). 
As a result of this forging force is applied only to a small 
area of a workpiece. During relative rotation of the upper 
die contact area between upper die and workpiece 
continually progresses through the workpiece, gradually 
deforming it [1]. Different shapes of workpieces require 
different movement of the dies - rotation, rolling and 
translation. 

Contact surface and friction are smaller in rotary forging 
than in conventional forging, therefore forming load is 
much lower. In Fig.2. comparison of forming load and 
contact area in the case of free upsetting of cylinder by 
means of conventional and rotary forging is presented. As 
it can be seen from the picture, required forming load is 
significantly lower in the case of rotary forging. 
Angle of inclination of upper die axis is important 
parameter of the process. With increasing angle of 
inclination contact surface between workpiece and die is 
smaller and from that reason required forming load is 
lower. Angle of inclination is usually around 1º to 2º 
(Fig.1).  
 

 
Fig.1. Orbital forging [1] 

 
        

a) b) 
Fig.2. Cylinder upseting a) conventional forging b) rotary 

forging[2] 
 
Comparing with conventional forging advantages of 
rotary forging are [3]: 
 
a) Load and power are reduced due to small contact area 

between die and workpiece. Because of this smaller 
and cheaper presses can be used and therefore energy 
savings can be achieved 

b) As it is an incremental process it is possible to achieve 
higher deformation, 

c) Wear of the die is smaller due to low forming 
pressure, 

d)  Both in hot and warm forging better surface quality 
and higher precision are obtained, 
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e) There is no impact loading, noise and vibrations are 
reduced.  

 

One of disadvantages of this process is that large 
inclination angles influence machine design and 
maintenance, making it more complex. It also causes 
greater frame deflection which influence level of 
precision [1]. 
Fundamentals for this process were given by Edward 
E.Slick in 1918 in the USA [4] and H.F. Massey in 
England in 1929 [5]. Breakthrough of the rotary forging 
process was in 1960’s when research and development of 
this process took place in England, Poland, West 
Germany, Japan and China [6]. In Fig.3. presses from that 
time are presented, ROTAFORM press from England and 
PXW press from Poland [7].  
 

ROTAFORM press PXW press 
 

Fig.3. Early types of rotary forging presses [7] 

 
2. ROTARY FORGING PRESS – PRINCIPLE 

OF WORK 
 
Principle of work of rotary forging machine with 
mechanical drive is presented in Fig.4 [8]. 
Upper die ram is mounted in the independently driven 
eccentric rings. Inner ring has variable drive, while outer 
ring has constant drive. Lower die drive is hydraulic. 
Depending on the type of press, dies can have different 
types of motion: rotational, translational and orbital [1].  
Angular motion of the die about its own axis is rotational 
motion (spin). Motion of the die in linear direction is 
translational motion or feed. Orbital motion (rocking) is 
the rotation of a die about the axis of the other die without 
rotation about its own axis. 
Lower die has only rotational or translational motion, or it 
can even be stationary. Beside those motions upper die 
can have orbital motion. 
Orbital motion has different patterns which are suitable 
for forming different type of products. Upper die orbital 
motions can be achieved by adjusting speed and direction 
of the eccentric rings rotation. As it is shown in the Fig. 5. 
these motions are circular, planetary, spiral and straight. 

 
1 – constant drive, 2 – variable drive, 3 –inner 

eccentric ring, 4 –outer eccentric ring, 5 – ram, 6 
– upper die, 7 – lower die, 8 – ram, 9 – ejector, 

10 – lower die drive 
  

Fig.4. Rotary forging machine with mechanical 
drive – principle of work [8] 

 
According to Mössle [9] different orbital motions can be 
achieved by setting eccentric rings in appropriate 
positions:  
 

1. Circular motion; this motion can be performed when 
both rings have same speed and same direction of 
rotation (n1= n2). Contact area is moving in tangential 
direction relative to the center of the workpiece. This 
type of motion is appropriate for large parts with small 
thickness and  flange-type parts. 

2. Spiral motion; in this case eccentric rings have same 
direction of rotation, but different speeds (n1< n2). 
This motion can be applied when forming is 
concentrate in the middle of the workpiece, when 
geometry of the workpiece is complex and when high 
strain rate has to be achieved. 

3. Planetary motion; for this type of motion eccentric 
rings have different speeds and different direction of 
rotation (n1< |-n2|). It is applied when workpieces with 
concentric ribs are made, such as conical gears. 

4. Straight line motion; in this case speeds of eccentric 
rings are same, but directions of rotation are different 
(n1=|-n2|). This type of motion is recommended for 
production of long, narrow parts with engravings 
perpendicular to die motion and for asymmetric 
pieces, such as T-flanges.  
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Fig.5. Sample patterns of upper die motion [8] 
 

2.1. Types of presses 
 

In order to achieve different motions of the dies different 
types of rotary forging presses are developed [1]. 
There are three types of presses with three different type 
of motion of upper and lower die, Fig.6.   

Rotation and translation of the upper die and rotation of 
the lower die are characteristics of the first type press, 
Fig.6a. Depending on the design of machine, both dies 
can be independently driven or only the lower die is 
driven while the upper die responds to the lower die 
motion. These are rotating type machines. 
Second and third types are orbital or rocking die 
machines, where upper die has orbital motion. At second 
type upper die has additional translational and rotational 
motion, while lower die does not move (Fig.6b.). At third 
type of press orbital motion is the only motion of the 
upper die and lower die can move translational (Fig.6c.). 
Rotating die machines are used to forge symmetric parts, 
while rocking die machines are able to forge wider range 
of shapes and geometries, even asymmetric parts. 
Because of the large die and frame movement, these parts 
are not as precise as those produced with rotating die 
machines. Maintenance of these machines has to be more 
frequent in order to keep adequate level of accuracy.  
Rotating die machines has simpler press design, therefore 
they have minimal amount of frame deflection and 
precision of parts is higher [1].  

 

 
a) b) c) 

Fig.6. Three types of die movements in rotary forging presses [1] 
 

3. APPLICATION OF ROTARY FORGING 
 
Products with improved surface quality and higher 
precision can be manufactured by rotary forging 
technology. Often those are near net shape parts, what 
means that those parts are very close to their final shapes 
and dimensions. In this way finished workpieces can be 
manufactured with minimal amount of machining. 
Numerous are parts which can be produced by this 
technology: gears, flanges, hubs, cams, rings, thin disks, 
flat shapes, hexagonal shapes, T-flanges. Rotary forging 
is especially convenient for production of parts with high 
diameter-to-thickness ratio. Some examples of these 
components are presented in Fig.7. 
Research team of the Laboratory for Metal Forming at 
Faculty of Technical Sciences, University of Novi Sad, 
together with one reputable Serbian forging plant are 
involved in theoretical and experimental investigation and 
improvement of rotary forging technology of universal 
 

 

 
 

Fig.7. Parts manufactured on Schmid presses [10] 
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joint and similar products (Fig.8a). Pattern of upper die 
motion for production of this kind of workpieces is 
presented in Fig.8b Adequate tooling and other elements 
of working system have been designed. Recommended 
machines for this process are Schmid presses T-200 and 
T-630. Quality of the products obtained by rotary forging 
are compared with those obtained in classical forging. 
Complete results of these ongoing investigation will be 
presented in a relevant literature. 
 

 
a) 

 
b) 

Fig.8. Universal joints and die motion pattern 
 
4. CONCLUSION 
 
Although mechanism of rotary forging is very complex 
and still with some difficulties to overcome, there are 
numerous advantages that this process shows when 
compared with conventional forging. This process is in 
expansion, having wider industrial application in 
production of complex geometry parts. By application of 
this forming method it is possible to reduce overall 
manufacturing costs, especially in medium and small 
batch production. 
Present paper furnishes succinct notes of rotary forging 
with the focus on the process kinematics, types of presses 
and optimal industrial application of this process. Current 
experimental and theoretical investigations carried out at 
the University of Novi Sad are briefly described. 
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A COVER ROLLS OF RIBBON 

CONVEYOR DESIGN WITH STRESS 
CONCENTRATION MINIMIZATION AS A 

CRITERIA 
 

Tale GERAMITCIOSKI 
Ljupco TRAJCEVSKI 
Vangelce MITREVSKI 

 
Abstract: The main goal in this paper is defining the 
optimal geometry of the cover rolls of ribbon conveyor. 
The basic criteria for optimization this geometry is 
minimization the stress concentration as a reason for 
beginning the micro crack in some zones of the steel sheet 
cover rolls. Using FEM analysis of the existing 
constructive solution, it finds some zones with huge stress 
concentrations. In that zones, it’s officially start some 
micro cracks with very progressive expanding in the 
period of deep drawing of sheet metal. That situation 
produced a lot of failure examples of the cover rolls with 
a huge negative impact of the economical efficiency of the 
company. With reshaping the geometry of the cover rolls, 
especially on the zones with a huge stress concentration, 
using FEM analysis again is given a new, better 
constructive solution of the cover rolls construction with 
significantly decreasing the stress concentration and 
avoidance the possibilities of beginning the micro crack 
in dangerous zones.  
The results of the practical implementation of a new 
constructive solution shows significantly improvement in 
stress domain without failure in the process of deep 
drawing of sheet metal 
 
Key words: ribbon conveyor, cover rolls, design, stress 
concentration 
 
1. INTRODUCTION 
 
Deep drawing is a typical technology of modeling in cold 
conditions; although in some specific cases can be done in 
hot conditions.  
Deep drawing is a process that is implemented in several 
phases over a few tools and very rarely carried out in one 
stage of extraction. Sheet metals which are extracted are 
placed between the holder and the die (Figure 1). Holder 
is loaded with a force that is necessary to prevent the 
creation of folds of a piece that draws. Punch moves in a 

cavity of the die giving the shape of the piece of metal 
sheet as the die. Deep drawing of  sheet metal is divided 
in deep drawing of hollow cylindrical body with a straight 
bottom (Figure 1) and  deep drawing, where the entire 
piece  receives irregular geometric shape which is 
identical  with  the shape of  the die. 

 
Fig.1. Deep drawing of cylindrical body 

 
In this paper are analyzed stress conditions of the cover 
rolls of ribbon conveyer obtained by deep 
drawing of cylindrical body and displayed on Figure 2.  

 
Fig.2. Previous constructive solution of the ribbon 

conveyer cover roll obtained by deep drawing of metal 
sheet 

 
Table 1. Presents data on steel DC01 sheet 

 
 
2. MODELLING OF THE SYSTEMS 
 
It will be analyzed the deep drawing where the mark 
is a circular profile. The analysis  will  assume  that it 
 comes to the  deformation  of  the  sheet  metal  on  the  
side  where  the  sheet metal  fastened  around  the 
surface of the tool, the load acting on the stamp sheet 
metal is  indifference  in  terms of  the  flow  stress  of 
 sheet  metal.  On  figure 3 shows 2D model in the 
process of deep drawing. 

 
Fig.3. 2D Model of extracting cover with all parameters 
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where : 
FDV – the stamp force impact on the sheet metal [N] 
FTP – the ring force impact on the sheet metal     [N] 
RF– the stamp radius [mm] 
RP – radius on the stamp ends [mm] 
RD – die radius [mm] 
Existing nominal stress on the differential element for the 
old constructive solution given on Fig.2 is: 

67.45422006.2Re
1631

31
=⋅=

−
=norσ Mpa (1) 

The Finite Elements Method (FEM) is a method 
developed for numerical solution of the complex 
problems of stress-strain conditions on mechanics of the 
rigid bodies. The basic steps of FEM are: 

 Defining the body geometry (2D or 3D) 
 Mesh of the FE (sampling) 
 Material defining 
 Defined boundary 
 Defined the load 
 Post processing and defined Von-Misses stress 
condition 

 Analyzing the stress condition 
Cover roll geometry was drown with software package 
SOLIDWORKS and imported in software package 
FEMAP 9.2 (Figure 4) 
 

 
Fig.4. One quarter of cover roll geometry in FEMAP 9.2 

 
The sampling of the tools as a rigid bodies was done with 
the R3D4 (4- node’s 3-D bilinear rigid quadraterall 
element), and for the sampling of the worked sheet metal 
is used S4R (4-node’s shell element). In next pictures is 
given the samplings of the stamp, sheet metal and the 
matrix (Figure 5). 
 

 
Fig.5. Sampling of the 2D model of the worked sheet 

metal after extracting 
 
In deep drawing of the worked sheet metal, the material 
had some plastics characteristics. These characteristics are 
given with the curve of the strengthening, defined by the 

experimental researches for each material used for deep 
drawing process. Also, it’s necessary to defined 
material density and elastic properties (Figure 6). 
 

 
Fig.6. The curve of the material strengthening 

 
Boundary conditions restrict the movement of bodies 
in FEM analysis. Since there are about four bodies need 
to be specifically defined boundary conditions, which 
means that all boundary conditions are set in the  first  
part, while the  movement  of  punch  and  strength  of  
the  mark is defined in the second half. The punch (mark)  
has  banned  all  rotations  and  translations  at X  and Y 
axis  and on  Z  axis  movement is allowed in order to be 
able to perform the function of extracting. For the holder, 
it is the same as punch and means allowed movement 
along Z axis to allow the pressure on work piece. The 
movement of the punch can be defined with several ways 
of setting the strength, length of movement, speed of 
movement. The analysis is taken to deal a certain  speed 
and  it  usually does in  such  a  way  that the velocity 
vector is tied to  a  reference  point which is determined in 
advance. In holder is mounted force that matches in a way 
as a speed with punch. Due to better review  all  boundary 
conditions are  shown  in  the  Table 2. 
 
Table 2 

 
 
Boundary conditions for our model together with the 
forces are given in Figure 7.   
 

 
Fig. 7. Set boundary conditions and forces 
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3. POST PROCESING AND ANALYSING 
 
Post processing represents processing and adequate 
presentation of the data obtained by the analysis. As 
parameters that follow the analysis are: reaction forces, 
moving the punch, the change in thickness of the work 
piece and the stress of the work piece. Force –
displacement diagram is given in Figure 8, changing the 
thickness of sheet metal and the distribution of strain is 
given in Figure 9. 

 
Fig.8. Force-displacement diagram 

 

 
Fig.9. Changing the thickness of sheet metal and the 

stress distribution on the previous solution 
 

 
 

Fig.10. Cover rolls Von Misses Stress distribution 
 
From images of the stress condition it is clear that the 
change of stress is most typical in the zones of folding the 
sheet metal. The draw is quite complex process of plastic 
deformation which changes the thickness of sheet metal 
are constantly changing, and thus the geometry. Thus, the 
final form of drawing at the time of occurrence of 

maximum stress on the transitions worth 994MPa, we can 
calculate the effective stress concentration factor which 
contain the plasticity of the material that has slight 
positive reducing the maximum stress. 
In the particular case of the analyzed geometry and 
material of the cover (the previous solution), geometric / 
effective factor concentration is  
 

αк=σmax/σnor=994/454.67=2.186   (2) 
 

which is rather high value indicates that the site appeared 
micro crack and that will rapidly expand. 
Therefore, it is evident that it is necessary to redefine the 
geometry of the cover to avoid the radii of curves in the 
critical points of the bending of sheet metal during plastic 
deformation in the extraction process. 
 
4. NEW GEOMETRICAL PARAMETERS TO 

IMPROVE THE MODEL 
 
By analyzing the critical points and the distribution of 
strain-stress lines of the cover geometry, we come to the 
conclusion that it should to reduce height (width) of the 
cover, the cervical cover and increase the radii of 
transitions. This made peak decreasing of the extreme 
stress values. The new constructive solution with all 
necessary dimensions extracted by a series of tests and 
analysis the stress concentration condition is given fig.11. 

 
Fig.11.New constructive solution to the cover 

 
With the new geometry of the cover, and the results of the 
analysis that we obtained, it gives following results for the 
change of stress distribution for the new constructive 
solution (Fig.12). 
 

 
Fig.12. Stress distributions during deep drawing of a 

new constructive solution 
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The new constructive solution of the cover is achieved 
by avoiding the critical points with complex stress 
concentration and the occurrence of crack at the process 
of drawing.  This can be easy recognizing with the 
comparison of the mesh that is shown on Figure13. 

 
Fig. 13. Mesh sampling of - a) the previous 

constructive solution;-b) the new constructive solution 
 
The nominal stress in the new cover constructive solution 
is 

67.47622016.2Re
1426

26
=⋅=

−
=norσ  MPa (3) 

In the particular case of the analyzed geometry and 
material of the new cover, geometric / effective factor 
concentration is  
 

αк=σmax/σnor=891/476.67=1.87   (4) 
 
5. CONCLUSION 
 
The analysis in the paper gives these conclusions:  

 In the process of deep drawing with existing tools, 
many pieces had detectable cracks on the cervical 
cover. It is obvious that the stress distribution field 
with high stress concentration is the main problem and 
it was need to analyze in more details. 

 Most adequate method for the analysis of the stress-
strain condition is the FEM; it was used isoperimetric 
finite elements for the tools and the matrix, and 
bilinear rigid quarterly element for the covers sheet 
metal. 

 The analysis is performed using the software package 
NASTRAN (NASA structural analysis) that allow 
accurate definition of the matrix geometry, the tool 
geometry and the work piece itself in all stages of 
deep drawing - from the initial stage of  flat sheet  
metal piece until to the final form as cover. 

 The analysis is quite credible because in the process of 
deep drawing is taken the strengthening of the 
material by importing the strengthening curve 
extracted by experimental means and change the 
thickness of sheet metal stage to finally form. From 
the beginning of deformation to the final form, 
reducing the thickness was about 27-30%  

 The results  of the analysis  has fully  confirmed the  
practical  knowledge  of  the  occurrence  of  crack  in 
the  cover  in the process  of deep  drawing.  
The analysis and visual analytic distributions gives the 
stress-strain field distributions in the transverse cross 
section which is visible zones with the highest stress 
concentration. The conclusion is that was needed a 
geometry change of the cover which has affected the 
stress-strain distribution field. 

 The new  constructive  solution include  increasing 
the  diameter of the  cervical  cover of  26mm to 
 31mm, reducing  the amount of  cover from 16 mm  
to  10mm  height,  and increasing the radii of  the 
 extraction curves  of  r = 1,5 mm at r = 
2mm(fig.11). This is the geometry with very most 
uniform stress-strain field distribution (fig.12) and 
lower αк without any micro crack on the metal sheet 
in the process of deep drawing. 
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Abstract: The topography of the machined surface is very 
important and significantly influences the friction and 
wear of gear teeth. In this paper the correlation between 
the maximum roughness and the mean roughness of gear 
teeth surfaces with straight teeth machined by the coated 
and uncoated model tools was determined. 
 
Key words: surface roughness, topography, hob milling, 
model tools, gear 
 
 
1. INTRODUCTION 
 
Modern technical development of production of 
cylindrical gears is focused in two main directions: 
increasing the economy of gear cutting process while 
improving the quality of radiated gear teeth. The 
achievement of these, mostly opposite requirements is a 
very complex task [1]. The quality of machined gear teeth 
has a primary importance on the exploitation 
characteristics of gear. 
The high demands of modern production, in terms of 
quality and reliability of gears inevitably involve 
technological heritage in design and manufacturing of 
gears (Figure 1 and 2). Lack of information that is 
currently owned and used must not seem daunting. 
Technological heritage, arisen as a result of previous and 
final operations, is characterized by the parameters of the 
topography or the topography of the contact areas, where 
we understand the physical characteristics of the surface 
relief before and after exploitation. The geometrical 
parameters of contact surfaces under the influence of 
plastic deformation, formation of other structures and 
destruction of surfaces are greatly changed. Starting 

topography, caused by machining technology becomes 
into exploitation and it is constantly changing throughout 
the life cycle [2]. 
 

 
 

Fig. 1. Cutting tools 
 

 
 

Fig. 2. Stages of design and construction 
 
Contact surfaces of gear teeth after final machining is 
never absolutely smooth. Numerous irregularities 
resulting from semi-rough and final operations can have 
different geometrical parameters and cause major or 
minor irregularities of gear. The characteristic parameters 
appeared in the technological process define the macro 
and micro geometry of the contact surfaces of gear teeth. 
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For a correct analysis of tribological processes and 
tribological correct construction the roughness of contact 
surfaces of gear teeth is very important. Micro-geometry 
can be repaired during the technological process of right 
by correct action to the system: machine-fittings-tool 
workpiece. Roughness has stochastic elements and it is 
consequence of random processes. It cannot be avoided 
but it can be largely managed in technological process of 
machining. Roughness of the surface with its 
characteristics and parameters influence the actual contact 
area, contact dynamic strength, stress states, the 
conditions of lubrication, friction and wear and therefore 
to the work ability and tool life of the tribo-mechanical 
system [2,3,4,5]. 
The degree of surface roughness of gear teeth is defined 
by different parameters and statistical characteristics. 
Each technological method of machining, and therefore 
also the machining corresponding to a certain class of 
roughness defined by the basic parameters ( )max, ,a zR R R . 
Areas that arise when gear cutting have traces of passing 
of cutting elements of hob milling tools through the 
workpiece material. 
Maximum height of irregularities, particularly in the area 
of the recess, significantly affects the dynamic strength of 
workpiece. It is therefore very important to know the 
dependence between the maximum and mean arithmetic 
roughness [6,7]. 
 
2. EXPERIMENTAL TEST 
 
Determining of reliable state functions in the laboratory 
was performed using the method of model test and 
modern methods of statistics based on multi factors 
experiment. It is planned to perform experiments for the 
machining of gear teeth by uncoated and coated tools. 
Research was performed in laboratory conditions: 
Workpiece: spur gear with straight teeth 
Module 5nm mm=  
Number of teeth 32zZ =  
Length of toothed rim 32vl mm=  
The angle of line of contact 20α = o  
Gear material 20CrMn5 
Tools: Single tooth model hob milling tools (figure 3.) 
developed as models of integrated hob milling cutters 
coated with TiN. 
 

 
 

Fig. 3 Integral and model tools 
 
Diameter of hob milling tool 125gD mm=  
Number of strokes 1z  
The number of grooves in perimeter of hob milling tool 

15in =  

Table 1.  Matrix plan with input and output data for 
uncoated tool 
 

Order 
number 

v 
(m/min) 

s 
(mm) 

L 
(mm) 

Ra 
(µm) 

Rmax 
(µm) 

1 39,5 2,12 12,7 
2 53,5 1,90 14,6 
3 72,0 1,84 16,8 
4 42,5 1,54 12,7 
5 53,5 1,08 6,2 
6 71,5 1,39 12,6 
7 40,5 2,32 12,1 
8 53,5 1,77 11,5 
9 70,5 1,57 9,9 

10 42,0 1,24 9,3 
11 53,5 1,64 8,4 
12 

123,63 5,3 

71,5 0,82 4,7 
13 38,0 1,87 13,4 
14 42,0 1,39 8,3 
15 46,5 1,65 14,8 
16 38,0 1,71 11,4 
17 42,0 1,79 13,5 
18 46,5 1,65 16,8 
19 38,0 1,65 10,9 
20 40,5 1,31 9,1 
21 46,5 1,82 10,3 
22 38,0 1,81 8,9 
23 41,5 1,61 9,6 
24 

139,33 7,0 

46,5 1,33 10,0 
25 38,5 1,61 14,8 
26 43,5 1,06 8,7 
27 56,5 1,18 8,7 
28 39,5 0,76 4,5 
29 43,5 0,87 5,7 
30 50,5 1,41 10,5 
31 38,0 2,12 10,0 
32 44,5 1,55 9,9 
33 51,5 1,84 15,2 
34 39,5 1,10 11,0 
35 44,5 0,68 6,1 
36 

109,9 7,0 

50,5 1,62 11,1 
37 37,5 2,08 14,3 
38 49,0 1,14 7,4 
39 57,5 0,78 6,5 
40 38,5 0,75 5,9 
41 48,0 0,96 7,5 
42 56,5 0,80 6,8 
43 39,5 1,36 9,5 
44 51,0 0,99 7,9 
45 58,5 1,03 5,7 
46 39,5 1,18 7,5 
47 48,5 0,90 6,4 
48 

123,63 5,3 

59,0 1,48 9,5 
49 38,0 2,10 13,4 
50 47,0 1,12 8,1 
51 53,5 0,94 7,0 
52 39,0 1,05 6,8 
53 45,5 0,55 4,2 
54 49,5 1,00 5,8 
55 38,5 1,39 10,2 
56 

109,9 4,0 

50,5 1,42 9,3 
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Order 
number 

v 
(m/min) 

s 
(mm) 

L 
(mm) 

Ra 
(µm) 

Rmax 
(µm) 

57 56,5 1,34 10,6 
58 39,5 0,76 4,4 
59 43,5 0,70 4,4 
60 

109,9 4,0 

54,5 1,02 8,0 
61 37,5 2,17 14,3 
62 43,0 1,49 9,2 
63 48,5 1,94 12,0 
64 38,0 0,25 3,6 
65 43,5 0,87 8,9 
66 46,5 0,93 7,5 
67 38,0 1,94 11,9 
68 42,5 1,16 8,5 
69 47,5 1,34 8,0 
70 37,5 0,76 5,4 
71 42,0 1,16 11,4 
72 

139,33 4,0 

47,5 0,40 2,5 
73 38,0 1,72 9,3 
74 40,5 2,67 14,1 
75 42,5 1,97 10,8 
76 38,0 2,50 13,0 
77 40,0 2,36 11,3 
78 42,0 1,96 10,2 
79 38,0 1,53 16,3 
80 40,5 1,57 14,4 
81 42,5 1,75 12,3 
82 38,5 1,38 18,3 
83 40,5 2,17 14,8 
84 

123,63 5,3 

42,5 1,96 12,4 
 
Material HS18-1-1-5 

Machine: Hob milling machine ZFWZ-MODUL-250X5A 
manufactured by WESTARKSTROM-Anlagenbau, Karl 
Marx Stadt, Germany 
In these experimental examinations oil TEXACO 
CLERTEX-D is used for cooling and lubricating. 
According to this model of correlation links of roughness 
parameters, cutting speed and the feed were changing, and 
axial periodical displacement along the axis of the tool 
was constant for all the experimental points and it is 

1,0pa mm=  
Measurement of roughness of machined surface was 
performed on TALISURF 6 (figure 4.). 
 

 
 

Fig.4. Device for roughness measurement TALISURF 6 

Table 2. Matrix plan with input and output data for 
coated tool 
 

Order 
number 

v 
(m/min) 

s 
(mm) 

L 
(mm) 

Ra 
(µm) 

Rmax 
(µm) 

1 39,5 2,12 12,7 
2 53,5 1,90 14,6 
3 72,0 1,84 16,8 
4 42,5 1,54 12,7 
5 53,5 1,08 6,2 
6 71,5 1,39 12,6 
7 40,5 2,32 12,1 
8 53,5 1,77 11,5 
9 70,5 1,57 9,9 

10 42,0 1,24 9,3 
11 53,5 1,64 8,4 
12 

123,63 5,3 

71,5 0,82 4,7 
13 38,0 1,87 13,4 
14 42,0 1,39 8,3 
15 46,5 1,65 14,8 
16 38,0 1,71 11,4 
17 42,0 1,79 13,5 
18 46,5 1,65 16,8 
19 38,0 1,65 10,9 
20 40,5 1,31 9,1 
21 46,5 1,82 10,3 
22 38,0 1,81 8,9 
23 41,5 1,61 9,6 
24 

139,33 7,0 

46,5 1,33 10,0 
25 38,5 1,61 14,8 
26 43,5 1,06 8,7 
27 56,5 1,18 8,7 
28 39,5 0,76 4,5 
29 43,5 0,87 5,7 
30 50,5 1,41 10,5 
31 38,0 2,12 10,0 
32 44,5 1,55 9,9 
33 51,5 1,84 15,2 
34 39,5 1,10 11,0 
35 44,5 0,68 6,1 
36 

109,9 7,0 

50,5 1,62 11,1 
37 37,5 2,08 14,3 
38 49,0 1,14 7,4 
39 57,5 0,78 6,5 
40 38,5 0,75 5,9 
41 48,0 0,96 7,5 
42 56,5 0,80 6,8 
43 39,5 1,36 9,5 
44 51,0 0,99 7,9 
45 58,5 1,03 5,7 
46 39,5 1,18 7,5 
47 48,5 0,90 6,4 
48 

123,63 5,3 

59,0 1,48 9,5 
49 38,0 2,10 13,4 
50 47,0 1,12 8,1 
51 53,5 0,94 7,0 
52 39,0 1,05 6,8 
53 45,5 0,55 4,2 
54 49,5 1,00 5,8 
55 38,5 1,39 10,2 
56 

109,9 4,0 

50,5 1,42 9,3 
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Order 
number 

v 
(m/min) 

s 
(mm) 

L 
(mm) 

Ra 
(µm) 

Rmax 
(µm) 

57 56,5 1,34 10,6 
58 39,5 0,76 4,4 
59 43,5 0,70 4,4 
60 

109,9 4,0 

54,5 1,02 8,0 
61 37,5 2,17 14,3 
62 43,0 1,49 9,2 
63 48,5 1,94 12,0 
64 38,0 0,25 3,6 
65 43,5 0,87 8,9 
66 46,5 0,93 7,5 
67 38,0 1,94 11,9 
68 42,5 1,16 8,5 
69 47,5 1,34 8,0 
70 37,5 0,76 5,4 
71 42,0 1,16 11,4 
72 

139,33 4,0 

47,5 0,40 2,5 
73 38,0 1,72 9,3 
74 40,5 2,67 14,1 
75 42,5 1,97 10,8 
76 38,0 2,50 13,0 
77 40,0 2,36 11,3 
78 42,0 1,96 10,2 
79 38,0 1,53 16,3 
80 40,5 1,57 14,4 
81 42,5 1,75 12,3 
82 38,5 1,38 18,3 
83 40,5 2,17 14,8 
84 

123,63 5,3 

42,5 1,96 12,4 
 
In order to obtain sufficiently reliable connection between 
the variables statistically representative sample 

84 50N = >  was observed. 
Measured values of maximum and mean arithmetic 
roughness, measured at six points on a wave are classified 
in Tables 1 and 2, and graphs are presented in Figures 5, 
6, 7 and 8. 
In the diagrams appropriate experimental points and the 
obtained correlation between maxR  and aR  are given. 

 

 
 

Fig.5. Dependence between maxR  and aR  for uncoated 
tools in linear form 

 
 

Fig.6. Dependence between maxR  and aR  for uncoated 
tools in exponential form 

 

 
 

Fig.7 Dependence between maxR  and aR  for coated tools 
in linear form 

 

 
 
Fig.8 Dependence between maxR  and aR  for coated tools 

in exponential form 
 

 
 

Fig.9 Dependence between maxR  and aR  in normal form 
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Fig.10 Dependence between maxR  and aR  in hoerl form 
 
3. ANALYSIS OF OBTAINED RESULTS 
 
The relationship between the maximum and mean 
roughness is obtained in the exponential form:  
 

max
B
aR A R= ⋅      (1)  

 

and in the linear form: 
 

max aR A BR= +       (2) 
 

Besides these two models, there are other models of 
connections between maxR  and aR  (Table 3 and Figure 9 
and 10) 
By mathematical processing of experimental data 
mathematical models were obtained and their advantage 
is evaluated on the basis of correlation coefficients and 
the values of the exponents in the exponential dependence 
(Tables 3). 
The connection between the maximum height roughness 
and mean deviation of profile from the mean line during 
model hob milling with uncoated tools in exponential 
form is: 
 

0,81
max 7,36 aR R= ⋅      (3) 

 

and in linear form is: 
 

max 2,13 5,43 aR R= + ⋅      (4) 
 

The connection between the maximum height roughness 
and mean deviation of profile from the mean line profile 
during model hob milling with coated tools in exponential 
form is: 
 

0,94
max 7,13 aR R= ⋅      (5) 

 

and in linear form is: 
 

max 1,23 6,02 aR R= + ⋅      (6) 
 

As it is known, if the correlation coefficient is closer to 
one the correlation is stronger. However, if the exponent 
in the exponential relation is close to one, this indicates 
that there is a linear relationship between the observed 
parameters. 
As the correlation coefficient is higher in the exponential 
model, the better the suitability of this model and it can be 
successfully used in determining the relationship between 

maxR  and aR  in machining of tooth of spur gear by hob 
milling. 
 
Table 3. Output from the computer program. CURVEFIT 
 

 
 

Table 3 gives mathematical models, which are output 
from the computer program CURVEFIT intended for the 
analysis of experimental data. 
 
4. CONCLUSION 
 
Based on the analysis of surface topography of teeth of 
spur gears with straight teeth and performed experimental 
tests can be concluded: 

 The topography of the machined surface is very 
important and significantly influences the friction and 
wear of gear teeth 

 The exponential dependence gives better connection 
between maximum roughness and mean deviation of 
tooth surfaces machined with uncoated and coated 
model hob milling tools. 

 Normal dependence better than the exponential 
dependence associates roughness parameters of gear 
teeth surface machined by uncoated model hob 
milling tools, and Hoerl dependence better than the 
exponential dependence associates roughness 
parameters of gear teeth surface machined by coated 
model hob milling tools. 

 In the proposed mathematical models, which are built 
for the test material, there is a strong correlation 
between the observed parameters.  

 
 
 
 
REFERENCES 
 
[1] Sovilj, B. (1988). Doctoral Thesis, University of 

Novi Sad, Faculty of Technical Sciences, Novi Sad 
[2] Tanasijević, S. (2004). Tribološki isparavno 

konstruisanje, Faculty of mechanical Engineering in 
Kragujevac, ISBN 86-8058765-8, Kragujevac 

[3] Ivković, B.& Rac, A. (1995). Tribologija, 
Yugoslavian tribology society, ISBN 39-98286-0, 
Kragujevac 

[4] Serban, R. (1997) Tribologie privere de Ansamblu, 
Unversitea Tehnica “Gheorge Asachi”, ISBN 973-
9178-49-9, Iasi 



 

 472 

[5] Pehan, S. & Flašker J. (2008) Tribologija, University 
of Maribor, Faculty of mechanical Engineering, 
ISBN978-961-248-077-6, Maribor 

[6] Woo, K. & Thomas T. Contact of rang surfaces, 
review of experimental work, Wear, Vol. 58, No.3 ( 
June, 1980), pp. 15-32, ISSN: 0043-1648 

[7] Sekulić, S. & Kovač, P. Korelacija između 
maksimalne I srednje hrapavosti pri okruglom 
brušenju, Tribologija u industriji, Vol. 12, No.4 ( 
December,1980), pp. 101-107, ISSN 03551-1642 

[8] Kovač, P. (2006) Modeliranje procesa obrade - 
faktorni planovi eksperimenta, University of Novi 
Sad, Faculty of Technical Sciences, ISBN 86-7892-
023-8 Novi Sad 

[9] Sovilj, B., Seuček, I Sadonjić S. ,Bughart, D., Sovilj-
Nikić, I. & Borenović, M. (2009). Designing 
profilnog milling machines for making application of 
the system CATIA, Proceedings of the symposium 
production engineering of Serbia, Belgrade, ISBN 
978-86-7083-662-4, Kalajdžić, M. (Ed.) , pp 139-
142, Faculty of Mechanical Engineering Belgrade, 
Belgrade 

[10] Sovilj, B., Seuček, I., Kovač, P., Bera, R., 
Milenković, Đ. & Sovilj-Nikić, I. (2009), Designing 
real zupčastog knife application of modern software 
systems Proceedings of the symposium production 
engineering of Serbia, Belgrade, ISBN 978-86-7083-
662-4, Kalajdžić, M. (Ed.) , pp 143-146, Faculty of 
Mechanical Engineering Belgrade, Belgrade 

 
 
 
ACKNOWLEDGMENT 
 
This work was supported by grant TR - 36030 and TR – 
35015 from Ministry of Education and Science of 
Republic of Serbia, also research presented in the paper 
have arisen from cooperation on the CEEPUS project 
CIII-RO-0058-05-1213 
 
 

CORRESPONDENCE 
 

 

Bogdan SOVILJ, Prof. D.Sc. Eng. 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
bsovilj@uns.ac.rs 

 

 

Ivan SOVILJ-NIKIĆ, PhD student 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
diomed17@gmail.com 

 

Vladeta GAJIĆ, Prof. D.Sc. Eng. 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
vgajic@uns.ac.rs 

 

 

Pavel KOVAČ, Prof. D.Sc. Eng. 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
pkovač@uns.ac.rs 

 

Vlastimir PEJIĆ, M.Sc. Eng. 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
pkovač@uns.ac.rs 

 

Sandra SOVILJ-NIKIĆ, M.Sc. Eng. 
University of Novi sad 
Faculty of Technical Sciences 
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
sandrasn@EUnet.rs 

 

Gyula VARGA, Assoc. prof. Ph.D. 
University of Miskolc 
Faculty of Mechanical Engineering 
H3515 Miskolc-Egyetemvaros, Miskolc, 
Hungary, gyula.varga@uni-miskolc.hu 

 



 

 473

 
INVERSE PROCESS MODELING AND 
FUZZY FEEDBACK FOR ADAPTIVE 

SPINDLE LOAD CONTROL IN MILLING 
 

Uros ZUPERL 
 
 
Abstract: To increase productivity, a new adaptive 
learning control system is presented in this paper to 
control the milling process with fixed metal removal rate 
under various cutting conditions. Based on proposed 
control system which consists of artificial process 
dynamics model and fuzzy feedback, an adaptive 
adjustment of cutting parameters to achieve a constant 
tool load under a variety of cutting conditions is 
demonstrated. The developed force control regulation 
system showed good global stability and applicability. 
The main advantage of this approach is that the use of an 
adaptive learning control of milling processes does not 
require a priori knowledge about the servo-loops and the 
milling process dynamics. It has the capability of parallel 
processing, the utilization of a large amount of sensory 
information, on-line learning, etc. 
 
Key words: force control, milling, inverse modeling, 
neural, fuzzy 

1. INTRODUCTION 
 
In recent years, the need for increasing productivity has 
greatly accelerated the development of adaptive control in 
milling operations. The use of an adaptive control system 
to increase productivity is achieved by an automatic 
control of feedrate to maintain a constant spindle load 
[1,2]. Due to problems such as instability and large 
transient overshoots when the machining conditions 
deviated from those for which the controller was designed 
[3,4],  the use of new modern adaptive control algorithms 
has been proposed. The model reference adaptive control 
(MRAC) scheme [5], self-tuning control strategies [6], 
and other adaptive control approaches [7, 8] have been 
experimentally tested. To design an adaptive controller 
requires modeling of the machining process.  It is very 
difficult to model the milling process dynamics due to 
highly nonlinear and time-varying cutting characteristics.  
Therefore, an adaptive learning control of milling 
processes is developed in this paper. The adaptive 
learning control system adaptively acquires the 
knowledge of the controlled process through on-line 
learning [9]. It consists of a feedforward neural network 
and fuzzy feedback mechanism. The neural network 
predicts the inverse-dynamics model of the controlled 
process and fuzzy feedback mechanism is used to guide 
an adaptive modification of connection weights of neural 
network. By these two elements, the inverse dynamics 
model of the controlled plant can be adaptively modified 
in response to the variations in cutting conditions so as to 
obtain an adjustable feedrate with a constant milling force 
automatically.  
Experimental cutting tests are performed to verify the 
efficiency of this adaptive learning control system. 
 
2. STRUCTURE OF ADAPTIVE LEARNING 

CONTROL SYSTEM 
 
Fig. 1 shows the block diagram of the adaptive learning 
control system which is used in milling to achieve an 

 
 

Fig.1. Structure of inverse modeling and fuzzy feedback 
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automatic on-line adjustment of feedrate with a constant 
milling force Fref. The milling force will increase when 
the depth of cut increases in the milling process. The 
control system immediately decreases feedrates to avoid 
tool breakage. When the depth of cut decreases the system 
generates a larger feedrate to maintain high cutting 
efficiency. The developed system controls the peak 
milling force F in a tooth period. The measured milling 
force F passes through a tapped delay line (TDL) filter 
whose output vector contains the delayed values of the 
measured milling force. Then, the delayed values of the 
milling force are fed into the multi-layer feedforward 
neural network.  
The neural network has 4 neurons in input layer, 6 
neurons in hidden layer and 1 neuron in output layer. The 
learning rate and the momentum parameter are set to be 
0.01 and 0.5, respectively. A limiter constrains the 
command signal to avoid any damage due to the rapid 
feedrate.  
By extensive testing and simulations it is found that good 
control performances can be achieved by using a 3-layer 
feedforward neural network of a 4-6-1 type (Fig. 2). 
Many different neural networks have been tested and 
simulated during this research (perceptrons, Hebbian, 
backpropagation networks). In the current work, two 
supervised neural networks for modeling are compared. 
The first one is a back propagation neural network (BP) 
with sigmoid transfer functions in hidden layers and linear 
transfer function in the output layer; the second is a radial 
basis network (RBN) with Gaussian activation functions. 
 

ff

F(t)

Hidden layerInput layer Output layer

Fref

F(t-1)

F(t-2)

 
Fig.2. Structure of neural inverse-dynamics model 

 
The first network is very popular, especially in the area of 
manufacturing modeling, as its design and operation are 
relatively simple. Radial basis network is a two layer fully 
interconnected neural network. RBN has some additional 
advantages such as rapid convergence and less error. In 
practice, the number of parameters in RBN starts 
becoming unmanageably large only when the number of 
input features increases beyond about 7, which is not the 
case in our study.  
The topology of neural network and its adaptation to 
inverse modeling in milling s also studied by considering 
different cases. The topologies are varied by varying the 
number of neurons in hidden layer between a lower limit 
of 2 and an upper limit 20. Due to the full interconnection 
used between neurons, the increase in the number of 

neurons leads to an increase in net complexity and a 
decrease in training speed. On the other hand, networks 
with more neurons in the hidden layer may solve more 
complex problems. It is found that there is an optimum 
number of hidden nodes beyond there is no significant 
change in the error. In this instance, the number of hidden 
nodes was found to be between 5 and 7. Neural networks 
consist of a large number of processing elements, called 
neurons, that operate in parallel and this parallel 
processing capability is turned to advantage in inverse 
modeling. 
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Fig.3. Fuzzy mechanism 
 

The task of neural network is to acquire the inverse-
dynamics model of the controlled process. If the transfer 
function of neural network is identical to the inverse 
model then the output of fuzzy mechanism is zero and the 
output F is equal to Fref.. In reality, parameters of the 
controlled process vary and thus also the dynamics of the 
controlled process. Therefore, an on-line identification of 
the inverse dynamics model of the milling process is 
required. To achieve this, a fuzzy feedback mechanism is 
used to fuzzify the error e and the error change ∆e 
between Fref and F due to the disturbances acting on the 
controlled process.  
The fuzzy feedback mechanism produces an output ff 
based on error e and the error change ∆e between Fref and 
F. The output ff is then used to modify connection weights 
of the neural network in order to obtain the inverse-
dynamics model of the controlled process adaptively. The 
output of the feedback mechanism is minimized when the 
error e and ∆e approach zero. That means that no 
connection weights need to be adjusted and ff becomes a 
feedback control signal.The feedback control signal ff is 
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critical to stabilize the adaptive learning control system 
when the disturbances are acting on the controlled 
proocess. The feedback control signal ff diminishes as the 
inverse-dynamics model of controlled process is correctly 
developed.  
The fuzzy feedback mechanism (Fig. 3) consists of a 
fuzzifier, a knowledge base, a fuzzy inference engine and 
a defuzzifier. For the fuzzy feedback mechanism, the 
input scaling factors are 0.516 and 0.0331. The output 
scaling factor is 5.  
The controlled force F is compared with the reference 
force Fref and converted into two inputs: the error force e 
and the change of the error force ∆e. After the two inputs 
are multiplied by the input scaling factors, the two inputs 
are mapped into suitable linguistic values by using the 
membership function of fuzzy sets. In the present paper, 
the following linguistic sets are assigned: MG (minus 
great), MS (minus small), Z (zero), PG (plus great), and 
PS (plus small).  
 

 
 

Fig.4. Membership functions: (a) inputs; (b) output 
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Fig.5. The cutting geometry features of a workpiece 

 

Fig. 4 shows the membership functions of the fuzzy 
feedback mechanism. Once the two inputs are fuzzified 
into fuzzy sets, a number of linguistic rules which define 
individual control situations are applied. These linguistic 
rules are designed to generate a large output ff as the error 
force e and the change of the error force ∆e become big. 
On the other hand, a small output ff is produced when 
these errors become small. The fuzzy reasoning is 
performed by taking the max-min inference method. A 
fuzzy output is obtained in the fuzzy inference engine 
after the fuzzy reasoning on the linguistic control rules. 
Then the output value of defuzzification multiplied by the 
output scaling factor results in the output of the fuzzy 
feedback mechanism ff. 
 
3. EXPERIMENTAL RESULTS AND 

DISCUSSION 
 
In the experiments, a ball-end milling cutter (R216-
16B20-040) with two cutting edges was mounted on a 
Heller Bea 01 CNC machining center equipped with a 
Fagor CNC controller. The cutting inserts R216-16 03 M-
M with 12° rake angle were selected. Cutting conditions 
are [10]: milling width RD=16 mm, milling depth AD=4 
mm and cutting speed v=95 m/min.  
The milling force signal was measured by using a table 
type dynamometer (Kistler 9255B) mounted between the 
workpiece and the machining table and recorded on a PC-
386 workstation through a data acquisition board (PC-
MIO-16E-4). To use the developed system on Fig. 1 and 
to adjust the feedrate, the desired cutting force is [Fref] 
=280 N  and pre-programed feed is 0.11 mm/teeth. The 
developed adaptive control algorithm could not be 
directly implemented on Fagor controller. Feedrate 
override panel provided by the CNC controller was 
connected to the PC workstation. Communication 
between the control system and the CNC machine 
controller is accomplished over RS-232 protocol [11]. 
The adaptive learning control algorithm was then installed 
on the PC to adjust the feedrate command. Fig. 5 shows 
basic cutting geometry features of a workpiece. Test 
workpiece contains changes of the axial depths of cut.  
Fig. 6 shows the cutting test results using the full 
immersion of cut with varying axial depths of cut 
corresponding to Fig. 5. The output of the inverse-
dynamics model fm, and the fuzzy feedback mechanism ff 
in the cutting process are shown in Fig. 6. The summation 
of these output signals is actual feedrate which is sent to 
the CNC controller. The experiment demonstrate that 
when  the end mill starts to cut the workpiece with a step 
increase of axial depth of cut (4 mm), the cutting force 
immediately increases and even exceeds the reference 
cutting force, 300 N. Then the fuzzy feedback mechanism 
modifies the connection weights of the neural network. 
As a result, the output signal of the inverse-dynamics 
model decreases immediately and so does the feedrate. 
The same cutting phenomenon is also shown in the 
change of axial depth of cut from 4 to 8 mm. 
 
4. CONCLUSION 
 
A new adaptive learning control system is presented in 
this paper to control the milling process with fixed metal 
removal rate under various cutting conditions. 
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Fig.6. Experimental results with the change of axial depths of cut: cutting force response, feedrate response, response 
of the process inverse-dynamics identifier (fm) and response of the fuzzy feedback mechanism (ff) 

 
The proposed control system consists of a feedforward 
neural network and fuzzy feedback mechanism. Neural 
network is used to gain the inverse-dynamics model of 
milling process.  
A fuzzy feedback mechanism is implemented to perform 
an adaptive adjustment of neural network connection 
weights. By combining neural network and feedback 
mechanism the milling force is continuously regulated 
due to the varying axial depths of cut. By the use of 
proposed learning control system the machining time is 
reduced for 21 %.  
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APPLYING NEW DATA ACQUISITION 

METHOD FOR CHIP DETECTION 
 

Franc CUS 
Uros ZUPERL 

Marko REIBENSCHUH 
 
 
Abstract: Because of increasing demands for condition 
monitoring and demands to increase productivity, a new 
data acquisition method is being applied to gather data 
and information and detect chip formation. Also other 
possibilities are researched for implementing the method 
into production process. The use of high speed camera is 
inevitable in processes where the spindle speeds exceed 
1000 rpm. This paper presents preliminary tests and 
result. 
 
Key words: machining, high speed camera, chip 
formation, data acquisition 
 
 
1. INTRODUCTION 
 
In recent years there has been a minor setback in 
development of new acquisition techniques. Most authors 
use existing techniques which they refine and implement 
methods used in other scientific fields. Some author use 
intelligent methods to optimize, predict, gather 
information and data, others rely on hardware to measure 
and gather data. A decision was made to supplement an 
existing system for measurements and gathering data with 
an additional system. In the field of machining were 
everything is moving, vibrating, cracking, breaking and 
heating up, the options for data gathering and applying 
new techniques seem endless. But there are some 
restrictions coupled on the acquired values. These 
restrictions are coupled to the equipment used for 
measuring and gathering. Usually the equipment used for 
specific measurements and data acquisition is very 
specific, expensive and hard to apply. A large amount of 
hardware were evaluated, some of them are stated bellow: 

 Visual sensors, 
 Sound sensor, 
 Vibration sensors and 
 Heat sensors.   

The main representatives in this division were evaluated 
considering the ability of optional adjusting the 

parameters and the applicability into other applications. 
The machining processes are very time and resource 
demanding. The procedure itself runs at high speeds, 
thermal and physical loads are immense therefore the 
equipment must keep up with the rising demands of wear 
and tear. Today’s cutting speeds depend on the speed of 
the main spindle. In some cases the spindle can rotate at 
50.000 rpm’s. Thermal cameras give an inside view on 
how the temperatures are deployed in the material. The 
main disadvantage of using the thermal camera is the lack 
of information about the physical properties of the work 
piece material or the material of the cutting tool. This 
information is vital for correct evaluation of gathered data 
and possible numerical simulations. The manufacturer of 
the cutting tool or the work piece material are usually not 
willing to give away those information, therefore we are 
right back at the beginning. Sound – vibration sensor are 
very sensitive to the surrounding environment. The 
slightest disturbance can cause incorrect measurements 
and the gathered data can be discarded. In a working 
environment, there are a lot of disturbances from other 
machines. With the use of special filters these 
disturbances can be filtered out and the signal cleared. But 
the state of the tool or work piece is still unknown. The 
state of it must be determined with the use of other 
measurement equipment. The use of a high speed camera 
reduces some disadvantages of previous mentioned 
equipment. Its work is similar to the work of an operator 
behind his machine. The operator listens and visually 
inspects the errors and if necessary adjusts the settings. 
Therefore a decision was made to begin testing a colour 
high speed camera.  
 
2. EQUIPMENT 
 
The high speed camera enables a maximum speed of 65 
frames per second (fps). The resolution of the captured 
images can range up to 640 x 480 pixels. It also has a 
built in trigger for using additional light source. A built in 
1.6 GHz processor enables fast processing of gathered 
frames. The camera has also an IP67 protection rating, so 
that it can be also used in working conditions. To use such 
a camera a compromise must be done to satisfy the need 
for speed and the need for accuracy. For example, to 
determine the length of a chip, the scale can be bigger 
than 1 mm, but to observe the size of the tool, one must 
consider the tight tolerances during machining. Therefore 
the scale must be smaller. For 0.1 mm accuracy, the 
maximum observed window size at a resolution of 640 x 
480 pixels is 21.3 x 16 mm. The calculation is made on 
the following equation: 
 
640 / (3 x 10) = 21.3    (1) 
 
480 / (3 x 10) = 16    (2) 
 
Where 3 is the number fox pixels and 10 is the value for 
0.1 mm. For an accuracy of 0.01 mm, the maximum area 
would be 2.13 x 1.6 mm. For practical reasons this values 
are too small – the inflicted damage results in bigger 
deformations, because of that we did not go under the 
accuracy of 0.1 mm (100 µm). The use of such a small 
observed area is reasonable in micro milling, where the 
cutting tool is accordingly smaller. In our preliminary 
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testing, the cutting speeds did not exceed 4000 rpm. At 
4000 rpm, the tool rotates at a speed of: 
4000 / 60 = 66.67 revelations per second, meaning, that 
we can gather one frame (figure) at 0.89 revelations.  
If a lower cutting speed is chosen, more images can be 
gathered during one tool revelations. The colour lens 
enables also the spotting of any changes in the colour of 
the cutting tool tip or the chip – in that way the thermal 
influence can be detected. In conclusion, this high speed 
camera enables different options of measurements: 

 Detection of parts bigger than 1 mm – detection area 
of 213 mm x 160 mm, 

 Detection of parts bigger than 0.1 mm – detection area 
of 21.3 mm x 16 mm, 

 Detection in colour variations – overheated cutting 
tool, chip or work piece, 

 Detection of every full rotation of the cutting tool at 
3.900 rpm, 

 Detection of one or more rotations depending on the 
spindle speed. 

Considering all options of detection and classification, a 
decision must be made which settings to use and which 
features to monitor during the test. 
 
3. TESTING 
 
Before the tests were carried out, the connection between 
the computer and the camera needed to be established. 
Because the software is not fully compatible with the new 
version of Windows, there was a delay in connecting both 
of them. After the intervention from the manufacturer, a 
software update solved this problem. Although the 
computer had to be setup to the same sub net mask (IP 
address…). The camera is connected via Ethernet port to 
the computer. One of the cameras feature is also its ability 
to function without a computer. Because it has a built in 
chip and a processor, a program can be uploaded. When 
the program is running it can take frames or overview a 
process autonomously. In the tests, the camera was 
connected and ran over the computer. The frames, Fig. 1, 
were uploaded to the computer and afterwards evaluated. 
Set of frames, Fig. 1, shows the conditions during drilling 
on a turning machine. The formation and development of 
the chip is clearly visible. The used work piece material 
was an Aluminium alloy with the designation AC 44. For 
initial test monochrome frames were used. Monochrome 
frames were chosen because of two main reasons: 

 They are smaller in size, 
 The Aluminium does not have such distinctive heat 
residues as steel – the colour changes were not 
noticed. 

 
4. RESULTS 
 
The first results were used to create a computer program, 
which recognises specific features, in our case chip 
formation. The program was developed to recognise 
circular edge (because the chips were circular in shape, 
Fig. 2) and it also compared all gathered frames with a 
template (golden template comparison) – the differences 
are returned (a detection possibility for chips if they are 
present or not). Fig. 2 also shows how the program is set 
up out of different feature recognition subprograms 
 

 
num. 10   num. 35 

 
num. 93   num. 123  

 
num. 140  num. 145 

 
num. 250  num. 350  

 
Fig.1. Frames gathered during the testing, the numbers 

are their order in this test 
 

 

 
 

Fig.2. A developed program for chip detection 
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(steps). Each of these steps offers a variety of settings. 
With the gathered data (frames) 15 different settings were 
tested to determine which combination of steps and 
settings enables the best recognition capability for a 
certain feature. Because of the specific chip formation it is 
very useful to use circular edge detection. This allows 
recognising a circular edge in a specific region of interest. 
The golden template comparison enables to detect if a 
chip is present on the frame or if not. In the end, an 
inspection status can be set up to determine if the frame 
passed the pre-set requirements. In any case, a rule can be 
applied that takes actions and makes changes. These 
changes can be programed to do almost anything. 
Because the program can run in LabVIEW, additional 
options are available. For example, if the acquired frame 
does not match the template, the program can either stop 
the acquisition or proceed with it.  
 

 

 
 

Fig.3. Detection of circular edges and the results, shown 
in a table 

Other programs similar to the one on Fig. 3 are under 
development. Different settings and different filters are 
used. Combinations are tested and comparisons are made 
between them to determine which one detects more 
features with greater accuracy and faster speed. More 
filters and more settings mean longer computational times 
and use of other resources. Therefore the programs must 
be as simple, short as possible so that the full capacity of 
the high speed camera can be used. If the buffer of the 
camera or the computer is occupied, then the acquisition 
discontinues and the sequence of the frames is 
interrupted.  
For simpler applications it is also possible to take a frame 
with another camera and use it as a template. Although it 
must be mentioned that the base point for taking frames 
must always be the same so that all settings fit to the 
observed area, tool position and work piece position. If 
not, the program can detect other features and recognise 
them as the desired feature.   
Table in Fig. 3 higlights the results for individual circular 
edge. On behalf of these results, a limitation is established 
which prevents the detection of undesired edges or 
features. This part of programing is time consuming – it 
demands the overview of all gathered frames and the 
measurement of all edges. This is necessary to determine 
the right values for setting the detection limits. Many 
other boundary conditions can be set and limited, 
depending on the chip phisical apperance, Fig. 4.     
 

 
 

Fig.4. Setting the detection limits 
 

5. CONCLUSION 
 
The results – gathered figures, provide and insight into the 
chip formation. Clearly visible chips can help determine 
the correct cutting parameters. Some suggestions for 
cutting parameters are in the form of tables and books but 
because of new advancements in the field of materials, 
tables for such materials are till now not made. These 
gathered data are promising in establishing a program for 
chip detection for different types of materials. A chance 
for chip classification is also possible, which means that 
the program is able to detect and classify short, broken off 
chips from long and winding ones, which are hazardous to 
the cutting tool and work piece. Other programs are in 
development where the program for chip detection and 
classification is directly linked to a program for changing 
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the cutting parameters. In doing so, the final program will 
be able to change cutting parameters during the 
machining and prevent possible hazardous cutting 
conditions. 
The ability to detect colour deviations is also a useful 
feature. Data from the camera can also be used for 
measuring the tool wear or chip thickness, depending of 
the settings. The disadvantage is the speed of the camera. 
Once more programs run at the same time, the camera 
response slows down and it is not able to detect at the pre-
set values. Because of that it is recommendable to use 
short programs, which do not fully occupy the cameras 
and computers processor. Solutions in this field are also 
on the horizon but for now, we will concentrate only on 
the camera. 
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DISTRIBUTION DURING PLASMA 
CUTTING 
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Abstract: In order to contribute to the rational and 
efficient use of energy, it is necessary to understand the 
energy and temperature distribution during the 
particular process. Plasma cutting is complex process 
characterized by high temperatures and therefore 
different phenomena encountered subsequently: 
shrinkage, residual stresses, structural and metallurgical 
changes, mechanical deformations, chemical 
modifications etc. 
The knowledge of the process energy balance is crucial. 
Therefore, each of the process’s power components 
which depend of the process input parameters was 
calculated or assessed. The approach was both 
theoretical and experimental, representing generalized 
and systemized results of the different authors’ 
researches. After determination of the power 
components, process energy balance was presented, 
additionally illustrated by experimental research and by 
thermal imaging of the workpiece by thermo-vision 
camera, few seconds after cutting process terminated. 
This approach provided the identification of the potential 
energy inefficiencies of the plasma cutting process. 
 
Key words: Plasma Arc Cutting, Energy Balance, Heat 
Affected Zone, Temperature Fields 
 
 
1. INTRODUCTION 
 
During plasma arc cutting, high quantity of energy is 
focused at the small workpiece area, which implies 
intense heating of its surface. The intensity of heating and 
light energy depends of the energy quantity used for the 
plasma jet formation. Energy used results in releasing 
internal energy of the atoms and, through the energy 
balance, influence plasma characteristics. Depending of 
the plasma gas and plasma arc composition at given 
cutting current, lower or higher energy quantity is 
distributed at particular plasma arc length.  

In order to determine energy balance of the plasma arc 
cutting process, each of the power components for cutting 
process should be calculated or assessed. Distribution of 
these components depends of process input parameters 
therefore its consideration is very complex. There are 
different approaches to the calculation or assessment of 
the power components, usually representing combination 
of empirical and theoretical considerations. The various 
authors’ considerations were generalized and 
systematized in this paper.  
Plasma temperature metering is particularly difficult. 
Spectroscopic method represents one of the most 
applicable methods for plasma temperature determination. 
Although it is important to know temperatures during 
plasma cutting, for the practical use and additional 
shaping of the material, particularly in terms of 
metallographic structure and hardness changes, it is 
important to know temperature distribution in the 
workpiece after cutting process terminated, when the 
intense source of heating energy was eliminated, 
providing monitoring of the workpiece cooling during 
time. This is the reason why after the identification of the 
power components, energy balance was represented, 
additionally illustrated by experimental research and by 
thermal imaging of the workpiece by thermo-vision 
camera, few seconds after cutting process terminated [1]. 
 
2. POWER COMPONENTS DURING 

CUTTING PROCESS 
 
When plasma jet reaches the workpiece material, ionized 
gas cools. During cooling, when gas goes back through 
the field of thermal dissociation, a large amount of heat 
comes to the workpiece and increases the efficiency of 
heat transfer [2]. 
Workpiece material absorbs heat quantity at the thickness 
which is typically much less than a millimetre. Part of the 
plasma jet heat melts workpiece material, coming up with 
the solid-liquid phase transformation in the area close to 
the heat source. Plasma jet penetrates through the 
workpiece, while high flow plasma gas removes melted 
material from the kerf. While material cools so called 
solid-solid phase transformation occurs. Therefore, some 
parts of the material heats at the very high temperature, 
but lower than material melting temperature, which leads 
to the formation of one phase (e.g. austenite structure), 
which could be later changed to some other phase (e.g. 
perlit or martensite structure) after cooling the material. It 
is also important to observe that the type of plasma gas 
influence the phase transformation of the contact surfaces, 
on its chemical composition and mechanical properties.  
Total power of the plasma cutting process (Qtot), taking 
into account that it comes from the direct electric current 
passing from electrode (cathode) to the workpiece 
(anode), is equal to the voltage (U) multiplied by cutting 
current (I): Qtot = UI. 
When plasma jet comes out of the nozzle, some losses 
occur due to the interactions of the free part of the plasma 
jet and outer atmosphere. Part of the heat flux is lost due 
to the radiation of the free part of the plasma jet (Qrad), 
while part is used for the workpiece surface heating 
(Qsurface). According to this, when plasma jet comes to the 
workpiece surface during plasma cutting process, 
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workpiece is already heated at the temperature which can 
amounts a few hundreds K. Sum of this two power 
components is denoted as Qlost-up and represents sum as 
follows: Qlost-up= Qrad+ Qsurface.  
After losses of the free part of the plasma jet, heat flux 
Qkerf entrance the workpiece, so that the equation for the 
total power could be represented as follows: Qtot = UI = 
Qlost-up + Qkerf 
Total power available for the plasma cutting now 
comprises of the available power brought by the plasma 
arc inside the kerf (Qkerf) and power dissipated by the 
exothermal oxidation reaction (Qoxy), if plasma gases are 
oxygen or air, therefore the following equation could be 
represented: Qavailable = Qkerf + Qoxy. 
However, this power available is not equal to the power 
used for the material melting in the kerf. Namely, only 
part of the available power is used for material melting 
(Qmelt), while the rest represents heat conduction losses 
inside the workpiece (QHCL) or energy losses due to the 
energy brought by the ejected slag (Qlost-down). Therefore, 
the equation of the power available to the process could 
be also written by the following equation: Qavailable= Qkerf 
+ Qoxy = Qmelt + QHCL + Qlost-down. 
Figure 1 represents previously explained power 
components participation in the plasma cutting process. 
Blue arrows represent power available for the plasma 
cutting process, while yellow arrows represents power/ 
heat flux used during the process, both for material 
melting and losses. 
 

 
Fig.1. Power components of the plasma cutting process 

 
Heat flux Qkerf which entrances the workpiece consists of 
the electrical power transported by the plasma (Qelec), 
power carried by convection through area A (Qcv), power 
given by conduction through area A (Qcd) and power 
radiated through area A (Qrad→A), as it is represented by 
following equation: Qkerf = Qelec + Qcv + Qcd + Qrad→A 
Taking into account all mentioned above, the equation for 
the power available for the process could be written as 
follows: Qkerf = Qelec + Qcv + Qcd + Qrad→A + Qoxy 
 
3. PROCESS ENERGY BALANCE 

CONSIDERATION 
 
The theoretical considerations led to the determination of 
the process’s power components. Knowledge of the 

temperature and mass flow was essential for calculation 
of the particular power components [3] and [4]. 
Power component used for melting material (Qmelt) can be 
obtained calculating the energy needed to melt 1 m3 of 
material (Emelt): 
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where Tp is workpiece temperature, T1 is melting 
temperature of the workpiece material, cp is specific heat 
capacity, Lf is latent heat of the material melting and ρ is 
material density. 
Based on the calculated energy needed for the material 
melting, power component used for melting material 
(Qmelt) could be calculated using the following equation: 
 

torchmeltmelt vVEQ ⋅⋅=  
 

where V is volume of the kerf passed by plasma jet at the 
particular moment in time and vtorch is torch speed. 
Power dissipated by the exothermal oxidation reaction 
(Qoxy) can be calculated using the following equation: 
 

H
M

D
Q

O

O
oxy ∆⋅

⋅
=

2

2
45.0

 
 

where DO2 is mass flow of oxygen and MO2 is molar mass 
of oxygen. 
Heat flux brought by the plasma arc (Qkerf) is assessed by 
calculation of its individual components.  
The electrical power transported by the plasma jet (Qelec) 
could be calculated by the following equation:  
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A
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The power carried by convection through area A (Qcv) 
could be calculated by the following equation:  
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The power given by conduction through area A (Qcd)
 could be calculated by the following equation:  

 

∫=
A

zcv dShvQ ρ
  

The power radiated through area A (Qrad→A) could be 
calculated by the following equation:  
 

∫→ =
A

zArad dSqQ
  

Ratio of the power used for material melting and available 
power represents important indicator of the plasma 
cutting process efficiency. It was determined that this 
ratio is lower than 0.6 for low speed plasma cutting 
processes, while the rest of the heat flux is related to the 
losses due to the energy brought by the ejected slag (Qlost-

down) and heat conduction losses inside the workpiece 
(QHCL). It is considered that QHCL represents around 30 % 
of the power needed for material melting Qmelt and that it 
decreases with the speed increase. 
When plasma gas flow increases, power dissipated by the 
exothermal oxidation reaction (Qoxy) increases as well. 
This is the reason why the total available energy for the 
plasma cutting process increases. At the same time, the 
power used for material melting decreases (Qmelt), since 
increase of the plasma gas flow increase the melted 
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material ejection from the kerf. This leads to the 
important increase in the heat flux, which is lost due to 
the energy brought by the ejected slag (Qlost-down). 
 

 
Fig.2. Energy Balance of the plasma cutting process 

represented by Sankey’s diagram 
 
Energy Balance of the plasma cutting process could be 
represented by Sankey’s diagram, as it is shown at figure 
2. The power brought by the plasma arc inside the kerf 
(Qkerf) and power dissipated by the exothermal oxidation 
reaction (Qoxy) are represented as the input powers to the 
process i.e. power available in the workpiece for the 
cutting process and are represented by the blue arrows. 
The share of the power used for material melting (Qmelt), 
heat conduction losses inside the workpiece (QHCL) and 
energy losses due to the energy brought by the ejected 
slag (Qlost-down) represent the ways of using the available 
energy, represented by violet arrows. 
 
4. WORKPIECE’S TEMPERATURE FIELDS 

CONSIDERATION 
 
During plasma cutting process high temperatures of the 
plasma jet and workpiece are developed. Moving the heat 
source i.e. the plasma cutting torch in respect to the 
workpiece surface contributes to the high oscillations of 
the temperature at the relatively narrow area of the kerf.  
Plasma jet temperature metering is particularly difficult. 
One of the most usually used methods is spectroscopic 
method for plasma jet temperature determination. 
Although it is important to know temperatures during 
plasma cutting, for the practical use and additional 
shaping of the material, particularly in terms of 
metallographic structure and hardness changes, it is 
important to know temperature distribution in the 
workpiece after cutting process terminated, when the 
intense source of heating energy was eliminated, 
providing monitoring of the workpiece cooling during 
time [5]. 
Experimental research of the plasma cutting process was 
done at the CNC machine, type HPm Steel Max 6.25. 
Plasma cutting unit was Hypertherm HPR130. This 
machine was placed at the workshop of the company EM 
DIP d.o.o. from Nis, dealing with engineering and 
production of the electro-mechanic industrial equipment 
and parts [1]. 
The workpiece material used for the experimental 
research was stainless steel: X10CrNiMn-16-10-2 (EN 
10025), with the following chemical composition: 0.1 % 
C; 16 % Cr; 10 % Ni i 2 % Mn. 
Workpiece temperature metering was done after the 
cutting process terminated using the infrared thermo-

vision camera, aiming to meter and represent thermal 
energy radiated by the particular body. Namely, infrared 
thermo-vision camera measures temperatures without 
direct contact with the object of metering, providing the 
visualization of the infrared radiation, making it available 
to the human senses by the eye sense. Infrared radiation is 
transformed, proportionally to the body temperature, to 
the images or thermographs, representing the relative 
temperature difference, each with the particular colour. 
In this specific case, thermo-vision camera used was type 
Varioscan resolution, for the spectrum from 8 to 12 µm 
length waves, i.e. in the lengths of the infrared radiation. 
The continuous metering was done starting from 2 until 
17 s after the cutting process was terminated. The 
temperature fields for two material thicknesses were 
examined: 12 i 15 mm [1]. 
For the material thickness of 12 mm the temperature 
fields recording were done first through the material 
thickness, since the material was cut 10 mm from the 
outer side of the workpiece, 2 s after the plasma cutting 
process was terminated, as represented at figure 3. 
 

 
 

Fig.3a. Thermograph for the material thickness of 12 mm, 
2 s after the plasma cutting process was terminated 

 

 
 

Fig.3b. Isotherms for the material thickness of 12 mm, 2 s 
after the plasma cutting process was terminated 

 
The highest temperatures are below the workpiece, at the 
coordinate table. From the figures it could be observed 
that the highest temperature is 2 seconds after the cutting 
process terminated, 525.84 0C. This could be used to 
explain the previous observation that 60 % of the total 
available power for the plasma cutting process is lost due 
to the energy brought by the ejected slag.   
Figure 4 represents thermographs with respective 
temperature profiles 17 seconds after the cutting process 
was terminated. 
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Fig.4a. Thermograph 17 s after the plasma cutting 
process was terminated, thickness 12mm 

 

 
 

Fig.4b. Temperature profiles 17 s after the plasma cutting 
process was terminated 

 
Good agreement of the experimental research of the 
temperature fields and energy balance of the process done 
at this paper with the theoretical considerations and 
empirical results of other authors could be observed good. 
 
5. CONCLUSION 
 
Taking into consideration the existing trend of increasing 
energy efficiency in all energy consumption sectors, all 
companies have to begin behave responsible toward 
energy usage in its manufacturing processes. This is the 
reason why consideration of the Manufacturing Plant’s 
Energy Balance, together with all its processes, represents 
an important aspect that needs to be controlled and which 
could contribute to the rational and efficient use of 
energy. The potential inefficiencies of the plasma cutting 
process were identify in this paper, through the 
consideration of the overall process energy balance. The 
diminishing of these inefficiencies could considerably 
improve the manufacturing processes. 
In this paper, power components contributing to the 
plasma cutting process were determined, calculated or 
assessed, in order to generate the energy balance of the 
process. Theoretical and experimental research that led to 
the energy balance preparation were additionally 
illustrated by experimental research and by thermal 
imaging of the workpiece by thermo-vision camera, few 
seconds after cutting process terminated. 
This allowed the consideration of the temperature fields’ 
changes during the workpiece cooling, through the length 
and thickness of the workpiece. It was shown that highest 

share of energy was lost due to the energy brought by the 
ejected slag, since the temperatures of the coordinate table 
were much higher than the workpiece temperatures. 
Namely, ratio of the power needed for the material 
melting and available power for the process represents 
important indicator of the plasma cutting process 
efficiency. It was determined that this ratio is lower than 
0.6 for low speed plasma cutting processes, while the rest 
of the heat flux is related to the losses due to the energy 
brought by the ejected slag and heat conduction losses 
inside the workpiece.  
In this sense, further research should be focus on the 
possibilities and ways for more efficient use of the energy 
during plasma cutting process, i.e. increasing of the 
process energy efficiency. The instalment of the 
equipment and units for additional use of the thermal 
energy, otherwise lost by the ejected slag, should be 
considered.  
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Abstract: The rapid industrial development, increased 
demand for consumption goods and new products shall 
have a negative impact on natural resources. From the 
total amount of waste, little more than 15% are polymer 
materials, and their recycling reduces the negative impact 
on natural resources and the environment. The tendency 
of modern production technologies and recycling is that 
the recycling products are not only used for one type of 
product, but they should also be applied in combinations 
of recycled materials in order to find new products. Waste 
tires account for around 4% of the total waste, while 
HDPE accounts for about 30% of plastic waste. The aim 
of this paper is to present contemporary developments in 
combining these two polymers, to display products made 
from them and their physical-mechanical properties. 
Various parts, washers for rail crossings, different types 
of suspension and rail sleepers are made from these 
materials. 
 
Key words: Recycled rubber, HDPE, mechanical 
properties, blend 
 
 
1. INTRODUCTION 
 
The environmental problem nowadays is a factor of 
extreme importance in the industrial world, particularly in 
the case of plastic processing companies, as efforts are 
mainly focused on the reduction and recycling of wastes 
generated during transformation processes and also after 
the end of product use [1]. Waste management of end-of-
life tyres requires profitable recycling solutions. The 
grinding of tyres and the incorporation of ground tyre 
rubber (GTR) powders in polymers or mortars seems to 
be one of the more advantageous ways. Nevertheless, in 
the case of a simple re-incorporation in polymer matrices, 

the mechanical properties of the pure polymer tend to 
decrease drastically with the powder content, because of 
the lack of interfacial interactions due to the cross linked 
structure of GTR particles [2].  
High-density polyethylene (HDPE) is one of the most 
widely used polymers, having a broad amount of 
applications such as bottles, containers and consumer 
goods. Post-consumer HDPE from bottles is an 
interesting source of recycled material because, on the 
one hand, it cannot be used again in alimentary 
applications and, on the other, its high melting viscosity 
makes direct transformation via injection moulding very 
difficult. Recycled HDPE can be used in a growing 
number of potential applications, such as boxes or pallets, 
whenever the thermal, mechanical and impact properties 
of the recycled polymer are close to the ones of the virgin 
material. This is one of the goals for the general use of 
recycled polymers and the main purpose of the present 
research. 
The aim of this work is to describe various recycling 
technologies of polymeric materials and to present a 
simple method how to prepare blends based on recycled 
HDPE and ground tire rubber. The aim is also to present 
some of their mechanical properties like temperature, 
composition, mixing speed, mixing procedure, etc. 
 
2. MODERN WASTE TYRE RECYCLING 

SYSTEM 
 
In the world, there are various systems for recycling the 
rubber waste. At present, the major effort in tyre rubber 
recycling is to reuse it as a finely ground crumb, produced 
by mechanical grinding. This method was invented by 
Goodyear about 150 years ago. The processes used for 
grinding of rubber are based on cutting, shearing, or 
impact, depending on the equipment (knife, shredder, 
granulator, extruder, disk grinder, or impact mill) and the 
grinding conditions (ambient, wet, or cryogenic grinding). 
Presently, there are two methods of grinding waste 
rubber: ambient grinding and cryogenic grinding. 
 

2.1. Ground (ambient) grinding systems 
Ground grinding consists of passing the vulcanized rubber 
through the nip gap of a high-powered shear mill, Figure 
1, or two-roll mill at room temperature; the number of 
passes determines the particle size.  

 
Fig.1. High-powered shear mill 

The higher the number of passes, the greater is the size 
reduction; hence, the cost of ground rubber increases as 
the particle size decreases. In the case of scrap tyres, the 
metal and fiber parts are first removed and the whole tyre 



 

 486 

is cut into a chip form (~5 cm). The concept of jet mills is 
an acceleration of the pre-ground rubber granulate by the 
air jet. Once the kinetic energy of the particles is high 
enough, collisions with other particles or different parts of 
the mill cause disintegration of the particles. 
Disintegration of the particles can also be achieved by 
turbulences in the mill. A strong upside-down current of 
air is carrying the rubber granulate through the mill. 
Inside the mill the current is turbulent, and in this area 
particles collide and break. A high amount of energy is 
stored in the rubber material, making efficient cooling 
necessary.  In the resonance disintegration process, a very 
fine powder with a particle size of less than 100µm can be 
generated with a good separation of rubber and 
reinforcing material [3, 4]. 
The rotors of this machine are horizontally placed disks in 
vertically placed consecutive grinding chambers. The 
disks are equipped with guiding rails, and the rubber 
granulate is transported over the disks and through a 
centred opening of the separating plates. The grinding 
effect is based on sudden direction changes of the 
particles (shearing, impact), as well as resonance forces. 
The scrap tyre particle size can be further reduced by the 
use of granulators, cracker mills, and micro mills [3, 4]. 
The appearance of the plant is shown in Figure 2 
 

 
Fig.2. Plant for ground recycling scrap rubber [4]. 

2.2. Cryogenic grinding systems 
The rubber material can be cooled down to a temperature 
in the glass transition area by liquid gases (for example, 
nitrogen or air). In the glassy state, rubber can be 
efficiently ground by impact. The most common cooling 
medium is liquid nitrogen. Cooling can be done either 
prior to the grinding process or during grinding. The 
optimal grinding temperature is just above the glass 
transition point. Cooling of the rubber granulate before 
entering the mill can be done directly on a conveyor belt, 
in an extruder, in a tunnel-style chamber, or by immersing 
it in a nitrogen bath. Indirect cooling is done in a heat 
exchanger. The liquid nitrogen can also be injected into 
the mill before and during the grinding process. The type 
of mill used is an impact mill or a hammer mill, and the 
disintegration of the rubber particles is caused by impacts 
between the particles or with the different parts of the 
grinding equipment. The final particle size that can be 
achieved is less than 0.6 mm. 
The cryogenic grinding process, as such, consumes less 
energy than the ambient grinding process, but this 
comparison does not take into account the energy 
consumption for pre-grinding and drying of the powder. 
The wear of the equipment is lower for cryogenic 
grinding. This process has a higher efficiency than the 
ambient grinding process, and powders with a lower 

particle size can be produced. The separation of rubber 
and reinforcing material (steel and fibbers) is more 
effective [3, 4]. 
Ambient ground rubber powder has a fiber content of 
0.5% and a steel content of 0.1%. In cryogenically ground 
powder, the contamination level is below the detection 
limit. The rubber feedstock does not necessarily have to 
be fully vulcanized; unvulcanized material can be ground 
as well, but handling of uncured ground material is more 
difficult because the granulate tends to agglomerate after 
grinding due to its tackiness. The values for the nitrogen 
consumption differ depending on the equipment used. As 
an indication, the amount of approximately 0.5 kg 
(kilogram) liquid nitrogen is reported to be necessary for 
grinding 1 kg of a 50 mm rubber granulate down to a 2 
mm rubber granulate [3, 4]. 
When the rubber material is cooled prior to milling, the 
efficiency is found to be twice as high compared to 
cooling of the mill together with the rubber during 
grinding. The cryogenic grinding process, making use of 
liquid air for cooling of the rubber granulate, has a higher 
cost-efficiency compared to the liquid nitrogen. Figure 3 
shows a typical cryogenic grinding process, in which the 
granulated material is cooled prior to grinding. 
Comminution takes place on a grinder, followed by 
separation of fibers and metal in micro mills [3, 4]. 

 
Fig.3. A typical cryogenic grinding process [4] 

3. RECYCLING AND RECOVERY OF 
WASTE HDPE 

 
Mechanical recycling, or secondary recycling, is the 
process of recovering plastic for the reuse in 
manufacturing plastic products by mechanical means. 
Mechanical recycling of waste plastic was promoted all 
over the world back in the 1970s. Mechanical recycling of 
plastic can only be реrformed on single-polymer plastic, 
e.g. PE, PP, PS, etc. The more complex and contaminated 
the waste, the more difficult it is to recycle it 
mechanically. Separation, washing and preparation of 
waste plastic are ali essential to produce high quality, 
clear, clean and homogenous end-products.  
Recycling of plastic waste by mechanical means involves 
a number of treatments and preparation steps to be 
considered. Being a costly and an energy intense process, 
mechanical recyclers try to reduce these steps and 
working hours as much as possible. Generally, the first 
step in mechanical recycling involves size reduction of 
the plastic to a more suitable form (pellets, powder or 
flakes). This is usually achieved by milling, grinding ог 
shredding. The most general scheme was described by 
Aznar et al. (2006) and is illustrated in Figure 4. 
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Fig.4. Mechanical recycling steps as described [5] 

 
The steps involved are usually the following: 

 Cutting/shredding: Large plastic parts are cut by shear 
or saw for further processing into chopped small 
flakes. 

 Contaminant separation: Paper, dust and other forms 
of impurities are separated from plastic usually in a 
cyclone. 

 Floating: Different types of plastic flakes are 
separated in a floating tank according to their density. 

 Milling: Separate, single-polymer plastics are milled 
together. This step is usually a first step with many 
recyclers around the world. 

 Washing and drying: This step refers to the pre-
washing stage (beginning of the washing line). The 
actual plastic washing process occurs afterwards if 
further treatment is required. Both washing stages are 
done with water. Chemical washing is also employed 
in certain cases (mainly for glue removal from 
plastic), where caustic soda and surfactants are used. 

 Agglutination: The product is gathered and collected 
either to be stored and sold later on after the addition 
of pigments and additives, or sent for further 
processing.  

 Extrusion: The plastic is extruded to strands, and then 
palletized to produce a single-polymer plastic. 

 Quenching: Involves water-cooling the plastic by 
water to be granulated and sold as a final product [5]. 

Other single-polymer goes through different schemes. 
Many foams (namely polyurethane, PU) are powdered 
and grinded to a particle size less than 0.2 mm using two-
roll milling, cryogenic grinders or precision knife cutters. 
In the case of PU, 10% binder is added to the 90% scrap. 
Waste is shredded and mixed with binder (dyes can also 
be added) and the mixture is then compressed. PU 
recycled granules are used as filler in polyester molding 
compounds and give added toughness to the material. The 
re-bond process incorporates both a surprising amount of 
flexibility and a wide variability in the mechanical 
properties of the final product. PVC represents an 
interesting case too, in terms of mechanical recycling. 
After an initial visual check, the collected PVC materials 
are shredded into pieces of ±10-15 cm. The metals and 
non-ferrous metals are mechanically eliminated. The 
company classifies the post-consumer plastics into rigid 
and flexible material. Rigid PVC recycled material is 
mainly used as an inner reinforcement layer in pipes and 
profiles production, garden furniture or rigid films 
manufacture. Flexible PVC waste is recycled into powder 

and is used as filler in the production of floor coverings of 
various kinds. Other applications are traffic cones, fences, 
flexible hoses and tubes, footwear, bags, clothing, etc. [5]. 
Another process used in mechanical recycling is re-
bonding, in which recycled foam flakes originating from 
flexible slab stock foam production waste are usually 
blown from storage silos into a mixer that consists of a 
fixed drum with rotating blades or agitators, where the 
foam flakes are sprayed with an adhesive mixture. Figure 
5 shows a schematic illustration of the re-bonding 
process.  
 

 
 

Fig.5. Schematic of flexible foam re-bonding, 

One of the main advantages of this process is the ability 
to obtain a clean product with new properties, i.e. higher 
density and lower hardness [5]. 
A valid example of utilizing plastic waste is the recycling 
of HDPE. About three-quarter of reclaimed HDPE in the 
UK and USA is used to manufacture fibers, apparel and 
bottles. Two approaches have been widely promoted, 
mechanical recycling and methanolysis (chemical 
recycling). Once the HDPE has been collected and sorted, 
it represents a feedstock for reclamation processing lines. 
Reclamation involves washing the materials (mainly 
bottles) and conditioning the plastics to be processed as 
semi-virgin resin or masterbatch. In doing so, a clear 
grade of HDPE can be produced of high quality to 
compare with the virgin polymer. HDPE bottles obtained 
by household sorting are collected, compressed and 
packed by municipalities for transportation to recycling 
plants operated by recycling industries. At the recycling 
plant, the waste is selected to remove impurities and the 
remaining HDPE bottles are then shredded, cleaned, 
foreign bodies and non-resins separated, and the 
remainder turned into flakes and pellets (granules made of 
flakes thermally processed by granulator) for recycling. 
These techniques could be summarized as follows [5].: 
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 Extrusion moulding: the resin or plastic flakes are 
molten and extended through a mould by single or twin 
screws to form a moulded product. Products from this 
process include pipes, sheets, film and wire covering. 

 Injection moulding: heated molten resin is injected 
into a mould to solidify and form the product desired. 
Products made this way range from washbowls, and 
buckets. 

 Blow moulding: a parison (hollow plastic melt) 
obtained by extrusion or injection moulding is clamped in 
a mould, and inflated with air to make bottles for all kinds 
of uses, such as shampoo bottles. HDPE bottles are made 
by means of stretch blow moulding so as to make them 
less likely to rupture . 

 Vacuum moulding: a heat-softened sheet is 
sandwiched in a mould, and the space between the sheet 
and mould sealed and evacuated to form products such as 
cups. 

 Inflation moulding: extrusion moulding where a 
molten resin is inflated into a cylinder to form a film. This 
method is used to make products such as shopping bags . 
 
4. BLENDS OF WASTE TIRE AND 

RECYCLED HDPE 

In addition to the many methods of recycling polymeric 
materials remains a major problem with what the so 
obtained intermediate. One possible solution is their 
mutual interference in the order of protection to improve 
their properties and obtaining new materials. There are 
numerous studies on the mixing of polymer materials 
(GTR + HDPE). Investigations in this area are is focused 
in several directions. One of them is the mixing of HDPE 
and GTR without chemical preparation GTR (the particle 
shape and powder’s specific surface area, are controlled 
only by the grinding process), which caused the fall 
because of all the properties of HDPE is difficult because 
of interference by a form of GTR particles are difficult to 
networking with polymer chains.[2]. 
The second is the thermo-chemical treatment. Surface-
modified rubber powders were extruded with HDPE using 
a singlescrew extruder. MAH-grafted polypropylene was 
used as a reactive compatibilizer to induce a reaction with 
the AAm of the modified rubber powder. Dynamic 
mechanical analysis also showed improved rubber–
polymer interface behavior for the surface-modified 
rubber powder/ HDPE/compatibilizer composite. Study 
also s showesd that photografting of AAm onto rubber 
powder using UV is a simple and efficient recycling 
method of waste rubber powder which can be used as a 
filler with polymeric materials without loss of physical 
properties [6].  
 
5. CONCLUSION 

This paper aims to highlight the need for use of recycled 
polymers. To display and describe the various mechanical 
processes of recycling polymers tire and HDPE. As to the 
basic guidelines when mixing different polymers in the 
case of HDPE and GTR in which attention must be paid 
to the preparation of rubber particles so that they 
crisscrossed the HDPE polymer chains and thus would 
not be coming until the fall of mechanical properties and 
facilitate the application of these materials. 
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EFFECTS OF ENERGY EFFICIENCY 

INCREASE IN THE PET BOTTLE 
BLOWING THROUGH THE RETURN AIR 

FROM TOOL RELIEF INTO THE 
CONTROL SYSTEM 

 
Čedo LALOVIĆ 

Zoran GOLUBOVIĆ 

 
 
Abstract: The present paper shows the effects of 
upgrading the final blow module that resulted in energy 
efficiency increase within the PET bottle blowing 
technological system. The paper provides a brief survey 
of the upgrading module for the current technological 
procedure based upon waste air utilization from mould 
relief after final blow and air return into the pre-blow and 
stretch blow system, as well as the operation of control 
air components in this type of machines. This is presented 
as a joint basis for optimizing the stretch and final blow 
cycle in all manufacturers of equipment and considerably 
improved utilization of energy. Also, a substantial 
contribution to the improvement of production systems 
performances has been made, such as dependability in 
work, a considerable reduction of energy use, extension of 
unit components service life, reduction of noise level, 
reduction of driving power in air production unit and 
reduction of work space for unit housing. 
 
Key words: energy efficiency in the technological system, 
stretch blow, final blow, dependability, price reduction 
 
 
1. INTRODUCTION 
 
Blow molding of polyethylene packaging intended for 
food industry under conditions of extensive serial 
production requires energy engagement of a multi-stage 
compressor with power installed as high as 250 kW. The 
compressor is integrated via two stages of final air 
processing (drying and three-stage filtration) into the 
automatic PLC control system with a rotating cabinet for 
bottle blowing that accomplishes in-line production, 
bottle filling and capping in a steady working mode by 
means of an accumulator tank. As the blowing process is 
performed on rotating cabinets – blowers, after a 
completed sequence of blowing at pressures of p=34-36 

bar, each mold is relieved by air exhaust into the 
atmosphere through silencers, as shown by the scheme in 
Fig. 1. The stages of bottle molding differ in duration and 
working pressures, which affects total consumption of 
compressed air that has the character of primary and 
secondary air for pre-molding and bottling and waste air 
from relief. 
 

 
 

Fig.1. Integrated bottle blowing system 

 
Relief by air exhaust into the atmosphere means absolute 
loss of the amount of high-energy potential dry filtered air 
produced at the pressure of p=36 bar.  
The main idea of the present paper is utilization of air 
exhausted into the atmosphere in a final stage of tool 
relief. The system of return 30-50% of the amount of air 
from mold relief via a series of pressure reductions 30/10 
bar and via accumulator tank with its automatic 
equipment provides for subsequent utilization of a high 
per cent of waste air to be used for control functions of 
the same machine at the pressure of p=10 bar as well as 
for other needs of the production process. This way, a 
considerable optimization of work is achieved and energy 
efficiency of the overall system is increased. The 
significance of optimization of this type is even greater 
when it is taken into account that bottle blowing air 
treated in this work is of class 1, with maximum particle 
size 1µm and maximum particle concentration per m3 = 1 
a, all complying with ISO 8573-1/2001. 
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2. DESCRIPTION OF THE SYSTEM 
 
In the tool relief process, after completion of the pre-blow 
and final blow cycles and molding at working pressure of 
p = 36 bar, air is exhausted into the atmosphere through 
silencers (Fig. 2). Considering the number of tools and 
bottle blowing machines in the plant, the amount of 
potentially high-energy air, with accumulated energy 
through the compressor operating with dry sterile air 
exhausted in the atmosphere, has become an important 
recovery resource. Air, with presented work energy 
parameters for tools exhaust branches, prior to entering the 
silencer is passed through the control valve for pressure 
reduction p = 36/10 bar and in thus pressure-reduced state 
is introduced into a recovery tank of V=120 l. 
The air recovery system (ARS) is a system upgraded on 
the existing bottle blowing machines and includes as 
follows: 

 recycling valve mounted on each bottle blowing tool 
prior to relief stage 36/1, 

 accumulator tank with automatic system for air 
reception and exhaust and pressure reduction just 
before entering the accumulator tank,      

 overall control system for the ARS system including 
its equipment such as: valves, tank, regulators of 
pressure level and air volume in the tank and the 
amount of recycling air in the tank, 

 coupling tubing for connecting the ARS system with 
bottle blowing machine and corresponding safety 

devices for the ARS system operating on respective 
blowers. 

 
3. ADVANTAGES OF THE SYSTEM 
 

 The system works without exerting influence or 
disturbing the existing primary bottle blowing system 
with customized pre-blow process, stretch blow, blow 
and relief, 

 there is evident saving in electricity consumption for 
regular operation of the respective compressors, 
achieved by reduced production of high-pressure air, 

 a part of produced air is released for other needs of 
current processes, 

 noise level of the existing compressors is reduced due 
to a smaller number of compressors involved in the 
process, 

 the size of the space required is reduced as well as the 
size of compressors according to rated power and 
dimensions, 

 enables rapid return of investments in 6-8 months, 
depending on the blown bottle format and annual 
production level of blown bottles. 

Specification of all bottle blowing machines installed with 
optimized process calculations and saving levels is 
displayed in a summarized form with comparative 
presentation of installment costs and saving levels in 
Tab.1.

 

 
 

Fig.2. P-t diagram of the PET bottle blowing process including the phases 
 

Table 1. 
 

Machine type Model Number of 
blowing tools Bottle format 

System 
installment cost 

(€) 

Electricity 
saving/year(€) 

SIDEL SBO 10 10 10 1.5l & 0.5l 39,500 11,179 
SIDEL SBO 12 12 12 1.5l & 0.33l 43,500 18,598 
BLOMAX10 10 10 1.5l & 0.5l 39,500 11,573 
SIPA SF 8/3 SF 8/3 3 5l 24,900 3 881 

TOTAL 35  147,400 45,231 
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Energy efficiency evaluation of integrated system 
components with a survey of saving levels per installed 
machine in production at their simultaneous operating 
will be expressed through saving defined by reduction of 
the compressors’ engaged power and their operating 
hours for each blower. 
Energy saving on bottle blowing machine SBO 10 
manufactured by SIDEL, with 4525 operating hours at 

annual level and air production of 760 m3/hour, is 
presented in Tab. 2.  It is evident from the Table that total 
savings are 11 179 € at annual level. 
Energy saving on bottle blowing machine SBO 12 
manufactured by SIDEL, with 4704 operating hours at 
annual level and air production of 1149 m3/hour, is 
presented in Tab. 3. It is evident from the Table that total 
savings are 18 598 € at annual level.    

 
Table 2. 
 

Machine: SBO10 
Parameters Amount Unit of measure/Type 
Bottle format  1.5 Litar 

Number of blowing molds 10 / 
Price Kwh 0.036 €/Kwh 

Low pressure 8 bar 
Low pressure 36 bar 

Service(control) pressure 7 bar 
Machine productive capacity 10,000 bottle/hour 

No of productive hours/month 377 hours/month 
No of productive hours/year 4524 hours/year 

Total blowing air volume 760 m3/hour 
Total recovered air volume 380 m3/hour 
Total pre-blow air volume 169 m3/hour 

Available air volume for control functions 126 m3/hour 
Available air volume for external needs 85 m3/hour 

Annual electricity consumption saving: 11,179 Euro 
 
Table 3. 
 

Machine: SBO12 
Parameters Amount Unit of measure/Type 
Bottle format 1.5 Litar 

Number of blowing molds 12 / 
Price Kwh 0.036 €/Kwh 

Low pressure 9 Bar 
Low pressure 34 Bar 

Service(control) pressure 7 Bar 
Machine productive capacity 16,000 bottle/hour 

No of productive hours/month 392 hours/month 
No of productive hours/year 4704 hours/year 

Total blowing air volume 1149 m3/hour 
Total recovered air volume 574 m3/hour 
Total pre-blow air volume 304 m3/hour 

Available air volume for control functions 260 m3/hour 
Available air volume for external needs 10 m3/hour 

Annual electricity consumption saving: 18,598 Euro 

 
Energy saving on bottle blowing machine BLOMAX 10 
manufactured by KRUPP, with 4428 operating hours at 
annual level and air production of 739 m3/hour, is 
presented in Tab. 4. It is evident from the Table that total 
savings are 11 573 € at annual level. 

Energy saving on bottle blowing machine SIPA SF 8/3 
manufactured by SIPA, with 2640 operating hours at 
annual level and air production of 452 m3/hour, is 
presented in Tab. 5. It is evident from the Table that total 
savings are 3881 € at annual level.     
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Table 4. 
 

Machine: BLOMAX 10 

Parameters Amount Unit of 
measure/Type

Bottle format 1.5 litar 

Number of blowing molds 10 / 

Price Kwh 0.036 €/Kwh 

Low pressure 10 bar 

Low pressure 35 bar 

Service(control) pressure 7 bar 
Machine productive 

capacity 10,000 bottle/hour 

No of productive 
hours/month 369 hours/month 

No of productive 
hours/year 4428 hours/year 

Total blowing air volume 739 m3/hour 

Total recovered air volume 370 m3/hour 

Total pre-blow air volume 211 m3/hour 
Available air volume for 

control functions 158 m3/hour 

Available air volume for 
external needs 0 m3/hour 

Annual electricity 
consumption saving: 11,573 Euro 

 

Table 5. 
 

Machine: SIPA SF8/3 

Parameters Amount Unit of 
measure/Type

Bottle format 5.0 litar 

Number of blowing molds 3 / 

Price Kwh 0.036 €/Kwh 

Low pressure 8 bar 

Low pressure 36 bar 

Service(control) pressure 7 bar 
Machine productive 

capacity 2000 bottle/hour 

No of productive 
hours/month 220 hours/month 

No of productive 
hours/year 2640 hours/year 

Total blowing air volume 452 m3/hour 

Total recovered air volume 226 m3/sat 

Total pre-blow air volume 101 m3/hour 
Available air volume for 

control functions 44 m3/hour 

Available air volume for 
external needs 81 m3/hour 

Annual electricity 
consumption saving: 3881 Euro 

 
4. CONCLUSION 
 
The principal goal of this work treating primarily high-
engaged power systems of process industry has been 
achieved by the return of a considerable amount of 
processed compressed air, having high energy potential, 
into the lower-energy potential production system. Such 
reduced-pressure air is dry, clean and filtered, of food-
industry quality and is applicable to both processes on the 
same machine and other processes inside the production 
complex (overpressure maintenance in bottle filling, 
control cycles etc.). Energy efficiency increase in such 
high-engaged power systems expressed through high level 
of energy saving and rapid return of investments in the 
ARS system in approx. 36 months represents a strategic 
goal within a general concept of energy efficiency 
increase. Optimization of air volume needed for a 
complete PET bottle blowing cycle has resulted, at annual 
level, in size reduction of a multi-stage compressor in 
both its power and dimensions, noise level reduction in 
the plant from 85 dB to approx. 65 dB, reduction of the 
area size needed for accommodating the compressors, 
reduction of investments in the building structure. 
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Abstract:  In recent decades printing industry has been 
dramatically changed. Those changes gave new 
challenges to graphical equipment manufacturers as well 
as to printing houses. They have the same aim, a better 
reliability and use of graphic systems because that is the 
condition for achieving the greater profits. Maintenance 
of graphic machines is one of the key factors for 
successful production, so that is reason why today the 
special attention is given to this issue. This paper 
represents a theoretical overview of maintenance in 
printing industry. Each part of maintenance were 
carefully analyze. As addition part procedure of 
preparation and maintenance of the system sheetfed and 
web printing were present. 
 
Key words: maintenance, printing industry, web sheet 
machine, sheet fed machine 
 
 
1. INTRODUCTION 
 
Revolutionary changes have occurred in the world’s 
printing industry in the past three decades. The half 
millennium old “Gutenberg technology” is the history of 
printing industrial today. Computer technology has 
completely taken over the role of text generation. The 
integrated manufacturing systems, introduced to printing 
and bindery processing, have completed this development 
process. The maintenance organization of the industrial 
branch is facing new, significantly different challenges 
deriving from the changes [1]. 
Today, printing house need a better productivity of 
graphic systems, because with greater productivity the 
profit is also greater. Good maintenance practice is one of 
the key elements to increasing productivity and profits — 
there is a clear relationship between productivity, 
reliability and maintenance [2]. 
If maintenance is not recognized as a serious factor in 
production process, companies could have a serious 
problems like: 

 Delay in production, 
 Delays in deliveries, 
 Increasing of cost. 

Maintenance as a function in companies was defined in 
1963 in OECD congress. Permanent control, repairs and 
revisions of systems were defined as function of 
maintenance.  
Maintenance management involves the planning, 
organizing and regulating the maintenance function. 
In 1972 basic principles were represent in EFNMS 
(European Federation of national Maintenance Societies, 
Wiesbaden): 

 “Wait and see” – correct defects when they occur, 
 “Opportunistic maintenance” – except cleaning and 
lubrication, nothing starts before failure, 

 “ Preventive maintenance” – maintenance before 
failure, 

 “Assumed maintenance” -  maintenance with 
eliminate failure, 

 “Condition based maintenance” – maintenance based 
on condition of machines. 

In 1988 Baldwin preventive methods of maintenance are 
defined as: 

 Preventive maintenance based on fixed time, 
 Preventive maintenance based on condition: a) 
subjectively determined (eyesight, hearing, touch), b) 
objectively determined (temperature measurement, 
vibration, pressure, etc.). 

 
Table 1. presents basic partition of equipment 
maintenance, machines and technical installations which 
are implemented on graphics systems [3]. 
 
Table 1. Basic partition for maintenance 
 

According to 
finance 

According to 
technology 

According to 
time/failure 

Repair of sudden 
failures 

Corrective 
maintenance 

Regular 
maintenance 

 
Preventive 

controls, Finding 
and eliminating 

weak spots, 
Control 

Investment 
maintenance Planned repairs 

Preventive 
maintenance 

 
2. MAINTENACE OF GRAPHIC MACHINES 
 
Maintenance of graphic machines could be defined as a 
set of activities where the main goal is quality and 
quantity of graphic machine production. Graphic 
machines can be divided in to machines for prepress, 
press and post press. 
The fact is that maintenance of graphic machines directly 
influences the graphic production. 
The main goals of maintenance in printing industry are: 
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 Higher work safety, 
 Prevent delays in production, 
 Decrease cost of repairing machines and 
 Planned maintenance process. 

Breakdown is the mechanical failure in such a way that 
graphic machines cannot execute their function. 
Breakdown could be: 

 initial (represent error in production of machines or in 
installation of machines), 

 random (represent influence of overload on machines), 
 temporal (represent graphic fatigue machines) and 
 causal (represent error in production as a result  of 
improper and careless handling graphics machine). 

The aim in all printing houses is to reduce number of 
breakdowns. The set of rules on time limits, scope, 
methods and review records of graphics system must be 
adopted. 
We can divide preventive inspection to the following 
groups: 

 daily, 
 monthly, 
 half-yearly, 
 annually, 
 three-yearly. 

For every inspection printing house must define clear 
responsibilities of staff by companies’ rules. Daily and 
monthly inspections are done by machine operators.  
Half-yearly inspections are done by chief of production in 
cooperation with maintenance staff, electricians and 
electronics staff. 
Daily as well as monthly inspections are not recorded. 
Half-yearly inspections must be recorded and the reports 
are given to company management.  
Annual inspections are conducted by a commission. 
Commission is formed the director of printing house and 
usually it consists of five members. Two permanent 
members of the commission are chief of production and 
chief of maintenance. After inspections report is given to 
the director of printing house. That report includes 
observations for each instrument.  
Three-yearly inspections are usually done by authorized 
organization. The best choice is manufacturers' authorized 
service. 
In table 1, we presented participants in preventive 
maintenance with tasks and responsibilities [4]. 
 
Table 2. Executors of preventive maintenance in typical 
printing house 
 

Name of 
mission  

Executor  

Impleme
ntation 

deadline  

Control 
implementa

tion  
CORRECT MANUFACTURING OPERATION 

Monitoring 
of normal 
operation  
and load  

operators on 
machines permanently chief of 

production 

Instruction chief of 
production 

First day on 
work 

chief of 
maintenance 

TECHNICAL CARE OF MACHINES 

Cleaning 
machines 

operators on 
machines 

at the end  
of shift 

operators on 
machines, 
foreman 

Generally 
cleaning 

operators on 
machines 

weekly, 
monthly 

operators on 
machines, 
foreman 

Rotate shifts operators on 
machines 

at the end  
of shift 

operators on 
machines, 
foreman 

Periodic  
manual  

lubrication 

operators on 
machines 

strictly as 
directed 

operators on 
machines, 
foreman 

Central 
lubrication 

operators on 
machines as directed 

operators on 
machines, chief 
of production

PLANNING REVIEW 

Daily control operators on 
machines 

daily chief of 
production 

Monthly 
control 

maintenance 
staff monthly chief of 

maintenance 
Periodic  
review of 
machine 

maintenance 
staff 

fixed-
term plan 

chief of 
maintenance 

Periodic 
control of 
machines 

maintenance 
staff 

fixed-
term plan 

chief of 
maintenance 

ONGOING MAINTENANCE, MAJOR REPAIRS, 
CENTRAL REPAIR 

Ongoing 
maintenance 
and central 

repair 

maintenance 
staff 

according 
fixed-

term plan and 
deadlines 

chief of 
maintenance 

General 
repair 

 

maintenance 
staff in 

cooperation 
with 

authorizes 
service 

according 
fixed-

term plan and 
deadlines 

director of 
printing house, 

chief of 
maintenance 

CONTROL AND PROTECTIVE DEVICES 

Machine 
control 

operators on 
machines 

Before 
running 

machines 

chief of 
production 

Controlling 
protective 
devices 

operators on 
machines 

Before 
running 

machines 

chief of 
production 

maintenance 
staff, 

operators on 
machines 

monthly 

chief of 
production, 

chief of 
maintenance 

Machine 
control push 

buttons 

chief of 
production, 
maint. staff 

half-yearly 
chief of 

production, 
maint. staff 
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commission annually commission
authorized 

service 3 annually authorized 
service 

REPAIRING BREAKDOWNS 

Repairing 
mechanical 
breakdowns 

fitter 
after 

receiving 
command 

chief of 
maintenance, 

foreman 

Repairing 
electrical 

breakdowns 

electricians 
and 

electronics 

after 
receiving 
command 

chief of 
maintenance, 

foreman 

 
3. PROCEDURE FOR THE PREPARATION 

AND MAINTENANACE OF SHEET FED 
AND WEB OFFSET PRINTING MACHINES  

 
Before printing graphic machines must be prepared. After 
printing it is necessary for the specific procedures also to 
be executed. Procedures for the preparation and 
maintenance of sheetfed and web offset printing machines 
are different. 
Procedure for the preparation of sheet fed printing 
machines:  

 Control feeder unit and alignment paper, 
 It is necessary to regulate the air vacuum pressure 
according to weight and quality of the papers, 

 Setting of the suction system, front and side lay must 
be done, 

 Control of printing unit, preparing inks and full ink 
tanks is necessary, 

 Preparing printing plate, blanket and printing 
cylinders, 

 Preparing delivery unit,  
 Control and cleaning of device for spraying powder 
and filling powder unit, 

 Control of commands, 
 Control of printing plate and printing cylinders, 
 Start of printing, proof, quality control. 

After printing: 
 Cleaning feeder unit, 
 Washing cylinders, empty ink tanks, 
 Cleaning delivery unit, 
 Cleaning air pump and device for spraying, 
 Lubricate machine and remove waste 

Procedure for the preparation of web printing machines: 
 Control roller frame and adjust the tension of the 
appointment, 

 Preparing printing unit, 
 Control of ink units, preparing inks and full ink tanks, 
 Preparing printing plate, blanket printing cylinders, 
 Control of device for winding,  
 Control of circular knives for cutting, 
 Control of commands, 
 Control of printing plate and printing cylinders, 
 Start of printing, proof, quality control. 

After printing: 
 Cleaning feeder and delivery units 
 Washing cylinders and rollers, empty ink tanks 
 Lubricate machine and remove waste 

Figure 1 presents sheetfed machine KBA Rapida 75. 
Purple color represent feeder unit, yellow is printing unit, 
green are cylinders and blue is delivery unit. 
 

  
Fig.1. KBA Rapida 75 

 
Figures 2 to 7 presents lubrication chart for KBA Rapida 
75 (delivery unit). Yellow color represents weekly 
lubrication. Red color represents monthly lubrication and 
green color is half-yearly lubrication. 
 

 
 

Fig.2. Weekly lubrication – delivery unit 
 

 
 

Fig.3. Monthly lubrication – delivery unit 
 

 
 

Fig.4. Monthly lubrication – delivery unit 
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Fig.5. Monthly lubrication – delivery unit 
 

  
 

Fig.6. Monthly and half –yearly lubrication  
– delivery unit 

 

 
 

Fig.7. Monthly lubrication– delivery unit 
 

 
4. CONCLUSION 
 
Maintenance of graphic machines is one of the key factors 
in printing industry. In Serbia, companies should give a 
special attention to maintenance because they generally 
work with older machines. With good maintenance they 
can improve quality of their products. 
That is reason why every printing house must define 
maintenance procedures as well as dedicating the time 
and trained personnel for maintenance.  
 
 
 
 
 
 
ACKNOWLEDGMENT 
 
This work was supported by the Serbian Ministry of 
Science and Technological Development, Grant 
No.:35027 "The development of software model for 
improvement of knowledge and production in graphic arts 
industry" 

REFERENCES 
 
[1] Horváth C. (2010) Integrated maintenance 

management model in the printing industry, Journal 
of graphic engineering and design, Vol. 1, No. 1, pp. 
16 – 22, ISSN 2217-379X 

[2] Claypole T, Wells N. (2005) Productivity 
Maintenance in the UK Printing Industry, Vision in 
Print, London 

[3] Klarin, M., Misita, M., Spasojević - Brkić, V. (2008)  
Savremene tendencije u upravljanju održavanjem - 
pristup održavanju zasnovan na riziku, Mašinski 
fakultet Univerziteta u Beogradu, Beograd 

[4] Novaković, D. (2010)  Grafički sistemi – održavanje, 
FTN, Novi Sad 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CORRESPONDENCE 
 

 

Dragoljub NOVAKOVIĆ, Prof. dr 
University of  Novi Sad 
Faculty of Technical Science 
Dept. for Graphic Engineering and Design  
Trg Dositeja Obradovića 6 
21000 Novi Sad, Serbia  
novakd@uns. ac.rs 

 

 

Nemanja KAŠIKOVIĆ, Ass. mr 
University of Novi Sad 
Faculty of Technical Sciences 
Dept. for Graphic Engineering and Design  
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
knemanja@uns.ac.rs 

 

 

Gojko VLADIĆ, Ass. MSc 
University of Novi Sad 
Faculty of Technical Sciences 
Dept. for Graphic Engineering and Design  
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
vladicg@uns.ac.rs 

 

 

Neda MILIĆ, Ass. MSc 
University of Novi Sad 
Faculty of Technical Sciences 
Dept. for Graphic Engineering and Design  
Trg Dositeja Obradovica 6 
21000 Novi Sad, Serbia 
milicn@uns.ac.rs 

 



 

 497

 
PRINTING AS A TOOL FOR PRODUCT 

CUSTOMIZATION  
 

Gojko VLADIĆ 
Nemanja KAŠIKOVIĆ  
Darko AVRAMOVIĆ  

Neda MILIĆ 
 
 
Abstract: Customization of products is capability of 
manufacturer to produce and offer individually tailored 
products, thus delivering variety to the costumer. 
Manufacturers should carefully choose which product 
attributes can offer broader array of choices to costumers 
while retaining the cost of production and the end product 
in reasonable domain. Overcoming the problems of 
application of 2D printed graphics to usually complex 3D 
surface of product and the limitations put before 
manufacturers are examined in the paper. Print transfer 
processes such as direct printing, foil transfer and water 
transfer with their specific capabilities each offering some 
advantages and limitations for application are examined. 
Wide variety of available printing techniques offer the 
solution for almost every specific manufacturing problem, 
but it is crucial to choose right technology in order to 
achieve quality while retaining cost effectiveness. 
 
Key words: customization, printing, ink transfer  
 
 
1. INTRODUCTION 
 
Markets today are extremely competitive, the short 
product development time, flexibility and availability of 
technologies makes it harder for companies to keep 
leading position on the market for long time. It is 
necessary to differentiate the product and produce it so 
that it is able to change and adapt to needs of consumers, 
thus insuring longer product life span. One of the possible 
approaches to achieving the closer relationship with 
consumer is making the consumer a part of the 
manufacturing process and giving him opportunity to 
customize or personalize the product to his unique needs 
and taste. The mass customisation is principle that can 
offer affordable custom made products to customers and 
bigger and longer lasting market presence to 
manufacturers. Customization of products is capability of 
manufacturer to produce and offer individually tailored 

products, thus delivering variety to the costumer. The goal 
is the increase in variety and customization without a 
significant increase in costs. Manufacturers should 
carefully choose which product attributes can offer 
broader array of choices to costumers while retaining the 
cost of production and the price of the end product in 
reasonable domain. Mass customisation must fulfil some 
demands in order to satisfy consumer and to achieve goals 
put before it.  Manufacturer provides to a consumer 
defined set of options from which consumer may select 
the most meaningful attributes. The firm then provides the 
consumer a final good or service possessing the chosen 
attributes [1]. Mass customization process is a more 
participatory activity between the firm and the customer 
than simply purchasing a standard Mass-marketed product 
[2]. Mass customization requires modifying, changing, 
creating or altering something resulting in that which is 
relevant to the customer [3]. Mass customization involves 
the customer’s decision to select, or decline to select, 
options presented. One of definitions of mass 
customization explains it as the method of effectively 
postponing the task of differentiating a product for a 
specific customer until the latest possible point in the 
supply network [4]. In ideal case customisation of the 
product should be done towards the end of the 
manufacturing process, ideally in the assembly process or 
as a final stage before assembly. Customization systems 
have three key capabilities: elicitation, process flexibility 
and logistics [5].  
 

This paper is dealing with advantages and problems of 
using printing techniques in order to customize products 
of various industries. Printing techniques such as 3D 
printing can be used not only for rapid prototyping but for 
rapid manufacturing as well, thus enabling manufacturer 
to customize or personalize mass produced products in 
short time without the need to adjust whole manufacturing 
process. These technologies offer big promises in the 
future but today applicability is limited due to limited 
range of materials that can be used and high cost of such 
systems capable of production on mass scale. While 3D 
printing as a mean of rapid manufacturing is still in 
development the 2d printing techniques are well known 
for a long time and integrated in manufacturing processes. 
Printing process is usually integrated in the middle of 
production flow preceding forming process.  Limits and 
specifics of the technology must be taken into 
consideration. Mass customisation calls for moving the 
printing process towards the end of production ideally as 
the last step before assembly. In order to achieve already 
mentioned demands put before manufacturing dealing 
with customization right printing technique must be 
chosen and applied in adequate way. Overcoming the 
problems of application of 2D printed graphics to 
preformed usually complex 3D surface of product and the 
limitations put before manufacturers are examined in the 
paper. The Majority of traditional printing techniques can 
be discarded immediately if there is demand for printing 
on 3D surface. Print transfer processes such as direct 
printing, foil transfer and water transfer with their specific 
capabilities each offer some advantages and limitations 
for application. Wide variety of available printing 
techniques offer the solution for almost every specific 
manufacturing problem, but it is crucial to choose right 
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technology from that variety in order to achieve quality 
while retaining cost effectiveness.  
 
2. PRINTING TECHNIQUES ASSORTMENT 

ACORDING TO APLICABILITY FOR 
PRODUCT CUSTIMIZATION 

 
Traditionally printing techniques can be divided in to two 
groups: conventional printing (with master) and non-
impact printing (masterless). Main difference is the 
presence of material printing plate in conventional 
printing and lack of it in case of non-impact printing [6]. 
Overview of printing technologies is shown in figure 1.  
 

 
 

Fig.1. Printing technologies 
 
Conventional printing was dominating all domains of 
print production and now is slowly losing supreme 
position to non-impact printing. This can be seen also in 
the domain of printing directly on the products surface as 
well as in case of conventional substrates (paper). Screen 
printing and tampon printing as representatives of 
conventional printing technologies are still dominant 
printing technologies for printing on product surface 
especially where long runs are needed. Non-impact 
printing, widely known as digital printing, is more suited 
for short runs with need for quick changes of printed 
image. Digital printing is definitely more cost effective 
for small print runs, i.e. the circulation below 20 pieces 
[7]. Ink jet printing has proven to be the most flexible and 
immerged as the dominant technique amongst non-impact 
printing techniques. Main advantages of ink jet printing 
are wide range of inks, both pigment and dye based, that 
can be used resulting in variety of substrates that can be 
printed, shape of material and its surface is not strictly 
defined and ink jet principle can be used on flexible 
materials just as good as for rigid materials. Transfer of 
ink without contact with surface enables tolerance in 
surface roughness.  Only disadvantage of ink jet printing 
is its speed. Speed of such systems is limited by the 
printing principle and will not be much improved in 

future. Having in mind the cost effectiveness in small runs 
and ability to quickly and easy change the printed image 
digital ink jet printing is most suitable technology to 
adopt for product customization. 
 
3. TRANSFER OF INK TO PRODUCT 

SURFACE 
 
Transfer of ink to the product surface can be done directly 
or indirectly by means of some transfer medium. Ink jet 
technology although very flexible has its limitations in 
complexity of the surface that can be printed directly. 
These limitations depend on the technique of ink transfer 
but in most cases do not surpass 10 mm of variation in 
surface height. Continuous ink jet technique is most often 
used for such extreme conditions. Quality is often low and 
it is used for industrial marking. In order to achieve high 
quality prints by ink jet directly on product surface it is 
necessary for product to have geometrically primitive 
surfaces such as planes, cylindrical or spherical surfaces. 
Some suitable products for direct ink jet printing are 
shown in figure 2. That way constant and controlled 
conditions are assured thus it is possible to achieve high 
quality prints on those surfaces. 

 
 

Fig.2. Products suitable for direct ink jet printing 
 

 
Fig.3. Products suitable for transfer technology 

 
Surfaces that are complex can also be printed, but the 
preparation is time consuming. Having in mind that ink 
jet technology is cost effective only for small runs that 
eliminate direct ink transfer processes as a technology for 
printing on complex objects. As mentioned before 
alongside direct ink transfer there exist the indirect 
process of ink transfer. Indirect processes include transfer 
medium, usually plastic foils but more recent 
development is including water as transfer medium. 
Indirect processes have ability to transfer ink to products 
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with complex surfaces, figure 3. shows some products 
with complex surfaces with indirect process applied. 

 
4. SUITABILITY OF DIFFERENT INK 

TRANSFER TECHNOLOGIES FOR 
PRODUCT CUSTOMIZATION 

 
Direct printing on the product surface using ink jet 
technology is fastest way of ink transfer to product 
surface. The ink is transferred on to the surface of the 
product and no additional curing or further treatment as 
varnish coating is needed. Direct printing is far more 
precise than transfer technologies because there is no 
further manipulation of transfer medium that can cause 
imprecision placing of images on product surface. This 
technology suffers from poor ink fastness to rubbing 
because of very thin layer of the ink is applied and 
amount of pigments on the surface is very small. Direct 
printing technology is also limited by the surface 
geometry, no complex shapes can be printed. This 
limitation is due to ability of print had to move only in 
one direction (sideways). The forward movement of the 
product enables printing in one plane. Significant change 
of surface geometry in vertical direction causes imprecise 
prints. Also vertical surfaces cannot be printed. Principle 
of continuous ink jet printing is shown in figure 4. Direct 
printing is often used in after market personalization for 
its simplicity and fast results.   
 

 
Fig.4. Continuous ink jet printing 

 
Transfer technologies are based on principle of printing 
the image on some transfer material and at a later stage 
transferring image to product surface. Sublimation 
transfer and water transfer and two such techniques.  
Sublimation transfer process begins with printing the 
image on the flexible heat resting foil. Ink jet printing 
technique is most often used. After printing foil is placed 
on top of the surface and pressed to it by vacuum pump in 
heated oven. Temperatures differ according to material of 
product and ink used. Sublimation transfer process gives 
better results than direct printing regarding rubbing 
fastness because ink is heat treated during sublimation 
process and becomes far harder. This process also does 
not require any further treatment as varnishing but 
additional equipment as vacuum oven and transfer film 
make it less cost effective than direct printing, especially 
for extremely small runs. Precision of image placement 
on the product is decreased by additional manipulation of 
transfer foil. Image itself is of better quality than one 

printed by direct printing process but positioning depends 
heavily on the operator and vacuum wrapping of which 
operator has no control. The Complexity of product 
surface is limited and seamless prints cannot be achieved. 
The vacuum oven for sublimation transfer is shown in 
figure 5.  
 

  
 

Fig.5. Vacuum oven for sublimation transfer 
 
Water transfer printing is technique based on placing 
printed water soluble film on top of heated water surface. 
Film carrying image is than sprayed with activator which 
dissolves film leaving ink floating on the water surface. 
Product is than dunked in the water taking ink from the 
surface of the surface of the product. Figure 6. shows the 
water transfer process. 
 

 
 

Fig.6. Water transfer printing 
 

 
 

Fig.7. Water transfer printing 
 

This technique requires varnishing after image transfer in 
order to fixate the ink. Durability of ink itself is very low 
and it cannot be left untreated. Precision of this ink 
transfer process is very poor, although the image is still of 
good quality it may be deformed. Water transfer is used 
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usually for patterns without precise elements. Advantage 
of this process is size and complexity of products that can 
be printed. Virtually seamless prints can be achieved as 
figure 7. shows on the car dash board example. 

 
5. CONCLUSION 
 
Product customization can benefit from utilization of print 
technologies In achieving cost-effective product variety. 
Problems of ink transfer to preformed products or product 
parts is limiting factor but with careful consideration of 
technology limitations it is possible to achieve good 
results. Direct ink transfer technologies offer precision 
and low cost but they lack durability of ink. On the other 
hand, transfer technologies lack the precision but have 
advantage of durability and possibility of ink transfer to 
complex surfaces. When considering printing as a mean 
of customisation all aspects of the product must be taken 
into consideration. The materials used for the parts that 
are to be printed, conditions in which the product is going 
to be used etc. 
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Abstract: In this paper, the advantages of high strength 
steels applications in modern mechanical constructions 
are shown by literature overview. Also, those advantages 
are put in correlation with particular mechanical design 
procedures which are required by those applications. The 
concrete tasks in design procedure which are related to 
applications of this steels are recognized. Analyses of 
demands, which are introduced to actual mechanical 
constructions, showed that those constructions obtained 
many and very diverse functions. On the other hand, those 
constructions have to fulfill strict limitations, which are 
opponent by its nature. Higher demands in energy 
efficiency and rising prices of materials impose reduction 
of constructions’ weight. The design constraints and 
presented facts, altogether, implicate that the material 
selection is one of the most important procedure of design 
process. Also, only application of high strength steels can 
fulfill the most of the constructional demands. It is 
concluded in the paper that application of high strength 
steels obtain the reduction in emission of pollutants 
without compromises in safety, reliability and 
affordability. Furthermore, the major guidelines for 
improvement of design process of the mechanical 
constructions made of those steels are highlighted in this 
paper. 
 
Key words: high strength steels, mechanical properties, 
construction, joint methodoligies, design 
 
 
1. INTRODUCTION 
 
The characteristic of the high strength steels provide its 
very wide and different application, from specific zones 
of vehicles body to highly loaded pillars and offshore 
platforms. Typical applications are: mobile cranes, utility 
vehicles, railcars, concrete pumps, containers, agricultural 
and forestry machinery. The modern demands that are set 

on mechanical constructions induce significant decrease 
of usage of those steel grades. Replacing conventional 
structural steels by high strength steels results in 
unchanged load capacities with simultaneous reduction in 
material thickness of up to 70%. Significant reductions of 
thickness can be archived even under difficult load 
conditions. By those facts, the application of high strength 
steels in mechanical constructions is the key to successful 
light weight design. 
The light weight design solutions are not the same in 
shape and dimension as the design solutions that they 
functionally replaced. The stress states in those design 
solutions are very complex. The analysis of those stress 
strain states are the basis of the design integrity analysis. 
The decreases of dimensions at the cross sections of 
elements, done by applications of high strength steels   
conditioned the decreases of dimensions at zones of joints 
of elements. Due to those facts, the time for mechanical 
construction forming is reduced. Applications of high 
strength steels give the higher levels of flexibility in 
design of mechanical constructions. The mechanical 
properties and higher resistance to atmospheric corrosion 
of high strength steels improve the safety and reliability, 
so it reduced maintains costs of constructions made of 
those steel grades. The recycle ability of those steel 
grades at the end of exploitation period of the 
constructions provides reductions of ecological impacts. 
But, the applications of those steel grades conditioned 
significant and specific problems. The adequate solutions 
of those problems are conditions of applications validities 
[1, 2 and 3].  
In this paper, some specific problems related to 
applications of high strength steels in mechanical 
constructions are presented. Specific problems of 
applications are put in correlations to characteristics and 
properties of high strength steels. The meta analysis of 
typical applications of high strength steels, found in 
present literature surrey, are given in this paper to 
highlight the specific problems that must be solved in 
design procedures. The nature, characteristics and 
properties of high strength steels are briefly discussed in 
the paper to establish the set of influential factors of high 
strength steels applications in mechanical constructions. 
 
2. HIGH STRENGTH STEELS 
 
The high strength steels are developed in order to provide 
the favorable mechanical properties and higher corrosion 
resistance in relation to conventional carbon steel grades. 
Those steel grades are not classified as alloyed steel 
grades in common manner because its main requirements 
are defined mechanical properties. The chemical 
compositions of those steel grades are of less importance. 
The chemical compositions of those steel grades can even 
vary in order to ensure the homogeneity of mechanical 
characteristics by those variations. The high strength 
steels are usually produced as sheets and plates with low 
carbon content (0.05% to 2%), while manganese content 
is not higher than 2.0%. The sheets and plates are 
characterized by an extremely uniform surface and 
homogeneous microstructure across the entire cross-
section. Those steels also contain small amounts of nickel, 
molybdenum, copper, nitrogen, vanadium, niobium, titan, 
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zirconium and boron. By this combination of allying 
elements and their quantities, the proper weldability and 
deformability are obtained. Also, high strength steels are 
suited to different cutting techniques. This is achieved 
through highly controlled production processes special 
alloy design and a high degree of purity with respect to 
non-metallic inclusions. The production technologies are 
designed to minimize residual stresses and to avoid 
distortions [4 and 5]. 
The technological production process conditioned its 
microstructure and by that also conditioned its properties.  
The nature of microstructure of high strength steels, so as 
theirs characteristics must be considered adequately in 
design process. The microstructure of low alloyed high 
strength is typically fine grained after the production 
processes and consisted of fine ferrite (α) grains with 
uniformity of shapes. In addition, the small amounts of 
cementite is present in microstructures of those steels, so 
as fine dispersed particles of carbon nitride (Fig.1.) [2]. 
 

 
 
Fig.1. Typical microstructure of high strength steels [2] 

 
During the final rolling process, the favorable conditions 
for creation of the large numbers of referent locations 
within the distinct formation of α metal grains. The 
locations, where energy level for formation of α metal 
grains, are dislocations, the grain binderies and sub-
grains, duplicated grains, the deformation lines. The 
density of those locations in micro structure of those 
steels is the consequence of production process and level 
of its deformation during the production. As consequence 
of production process at high temperatures, the effects of 
microstructure regeneration are present, such as 
recuperation and recrystallization.  
During production process of steels, the different 
phenomena, with opposite consecutive processes, are 
induced. Those phenomena cause increase, so as decrease 
of dislocation density. The recrystallization process is 
suppressed by decrease of speed of grains’ nucleuses 
formation and by the reduction of movement of metal 
grains and sub grains boundaries. The recrystallization 
process is consequence of the presence of alloying 
elements’ atoms in solid soluble of steels and it is induced 
by continual rolling with short break periods, when the 
effects of niobium are dominant. In addition, 
recrystallization process is induced as the consequence of 
precipitation during reversible rolling with longer break 
periods, when the dominant process is separation of 
carbon nitride. The development of high strength steels 
are linked to the technology of thermo-mechanical 
controlled process that provides highly controlled 

microstructure. The chemical composition of those steels 
conditioned its characteristics during production 
processes and final microstructure. Real microstructure 
and correspond mechanical properties are the result of 
very complex interaction of different and heterogeneous 
factors. The characteristics of high strength steels in 
exploitation are, on the other hand, the result of its 
microstructure and additional factors. The number and 
complexity of factors that influent to characteristic of 
material in exploitation conditioned that those 
characteristic can be determined only by experimental 
testing in real exploitative conditions [6]. The aim of 
stress-state analysis is formation of mathematical model 
to be verified by experimental testing. The numerical 
simulation of construction made of high strength steel 
answer to the exploitation conditions are one of the tool 
for identification of favorable design solution. 
Verification of design solution for construction made of 
high strength steels is done by experimental testing.  The 
stress state at the elements of mechanical construction 
made of high strength steel in exploitation is complex and 
it resulted from number of heterogeneous factors that is 
presented illustratively in Fig.2. The characteristics of 
constructions made of high strength steels and its answer 
to load are influenced by factors related to stress-strain 
state besides of factors related to its microstructure. From 
the aspect that welding is dominant method of joining 
elements at the construction made of high strength steel, 
the heat input in material due to this joining method must 
be considered. The exploitation factors that influent to 
characteristic of constructions made of high strength 
steels are presented in Fig.2. at thermal stresses and 
deformation heat.  
 

 
 

Fig.2. The influential factors to real stress state in 
exploitation  

 
The dominant factor is microstructure of this steel grade. 
The best mechanical properties are providing by steels 
with microstructure that is homogeneous mixture of two 
phases. In this case one of those two phases is precipitated 
phase with combination of coherent and semi coherent 
precipitate with uniform distribution of dislocations.  
The directions of developing of high strength steels in last 
ten years are determined by two major directions. On one 
hand, the quenched and tempered constructional steels 
with high strength are developed (S690Q, S890Q, S960Q 
and S1100Q) and on the other hand, thermo-mechanically 
rolled steels with medium strength but improved 
toughness are produced (S355M, S460M and S500M). 
The chronology of development of specific steel grade 
and its level of strengths are presented in Fig.3.   
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Fig.3. The development of general purpose  
constructional steels 

 
The different technological procedures are based on 
different phenomena of material reinforcement, but 
theoretically favorable microstructure of material is 
impossible to obtain.  Real microstructure of material 
differs with certain level from theoretic microstructure 
and that condition the real characteristics and properties 
of material.  
 
3. DESIGN RULES FOR APPLICATION OF 

HIGH STRENGHT STEELS 
 
The applications of high strength steels in mechanical 
constructions are regulated by Serbian national standard 
that is in agreement with Europe Union Norm -
EUROCODE 3. This norm considered the application of 
high strength steels to steel grade S460. The Part 1-12 
was added to EUROCODE 3 in order to enclose the 
application of high strength up to grade S700. The basic 
design rules and procedures regulated by EUROCODE 3 
can be adopted to use at design of constructions made of 
high strength steels. But, there are not enough 
experimental data and information about characteristic 
and properties of joining zones at constructions made of 
those steels. EN 1993-1-12 regulate the application of 
steels with characteristics and properties defined by EN 
10025-6 and EN 10149-2. Those noms enclosed steels up 
to grade S960, but those steels with very high strenght do 
not have significant application in general purpose 
machanical constructions. EN 10149-2 defined the 
thermo-mechanically produced steels with favorable 
ability for additional processing and enclosed steel grades 
from S500 to S700, while theirs application is regulated 
by EN 1993-1-12.  The obligation for impact toughness 
testing in norm EN 10149 is not proposed. Because of 
that, impact toughness testing of steels is regulated in EN 
1993-1-12 by definition of minimal impact toughness as 
energy of 40 Ј at -20°C for fracture of sample [7].  
The providing of adequate resistance of the mechanical 
construction to brittle fracture is regulated by norm EN 
1993-1-1. The resistance to brittle fracture is obtained by 
selecting of materials with proper toughness and this 
norm does not provide any other recommendations for 
avoiding the brittle fracture [8]. The reason for this is 
economic because the other design rules based on the 
resistance to brittle fracture induced additional costs. The 
method for determining the minimal dimensions at cross 

section of element of mechanical constructions is given in 
norm EN 1993-1-10 and can be used also for elements 
made of high strength steels up to grade S690. Ductility 
of steel constructions is its important mechanical 
properties that are not defined precisely. Norm EN 1993-
1-1 proposes the general requrements for mechanical 
properties of construction, but does not enclosed 
requirements for its ductility. This mechanical property is 
very important for construction made of high strength 
steels, for example, in case of earthquake resistant 
structures. In this case the special design procedure and 
rules must be used.  The functional requirements for those 
structures are based on maintaining of strength in cases of 
high plastic deformations. The requirements for ductility 
of material are given at part 3.2.2(1) EN 1993-1-1 with 
recommended values. That recommended values are 
modified in part EN 1993-1-12 for application of high 
strength steels and they are presented as  

1,05,u
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f
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where uf  - ultimate tensile strength and yf - nominal 
values of yield strength and elongation at failure is less 
then 10%. Also, it is 

15 ,u
u

f
E

ε ≥  (2) 

where uε - the elongation at failure and Е – elastic 
modulus. The analysis of stress-strain state in mechanical 
construction made of high strength steels is based on 
elastic analysis method and on nonlinear finite element 
method [7]. Presented considerations in this paper are 
related to cases of tension loads.  
Buckling of elements is significant and potentially 
dangerous problem at mechanical constructions so as for 
construction made of high strength steels. But, on the 
bases of reduced levels of material inhomogeneity, the 
constructions made of high strength steels are more 
resistant to buckling than the same constructions made of 
different kind of steels.  The criterions of design used for 
lower strength steels can be used even for high strength 
steels. Those criterions of design can be improved by the 
use of adopting additional factors to consider the higher 
resistance of material to buckling in relation to its 
homogeneity level.  
Very important aspect of high strength steel application in 
mechanical constructions is the methodology of joining 
the elements. The zones of joints are the zones with high 
levels of stress concentrations. Also, those zones are 
characterized by high levels of material heterogeneity. 
The presented facts implicate that those zones present the 
critical zones from the aspects of safety and reliability. 
Those zones are critical from the aspects of mechanical 
properties and characteristic and, also, from the aspects of 
material usage. The different methods of joining are used 
at present mechanical constructions. Welded joints 
provide material continuity at the joints zones, but they 
are sources of stress concentration and the zones with 
high level of residual stresses by its nature. Stress 
concentration at constructions made of high strength 
steels as complex phenomenon and can be considered 
from the number of different aspects. The stress 
concentration can be considered locally and structurally, 
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in relation to dimension level of analysis. Different from 
other joining methods that required holes in the joining 
zone, the flow of stress lines at welded joints by hydro- 
dynamical analogy are beneficial. The high strength 
steels, especially low alloyed high strength steels have 
good welding ability.    But, welding of high strength 
steels reduced the diapason of available parameters for 
welding. In relation to that, the risk that welding 
parameters step out of defined diapason is higher.   
Welding of high strength steels with filler materials of 
lower strength provide much ductile welds. Those welds 
are less sensitive to cracks. The using of those filler 
materials is not regulated by EN 1993-1-8, but it is 
regulated in part EN 1993-1-12. The design of those 
welded joins is based on strength of filler materials and 
not on the strength of parent material. For example, for T 
joints at materials with different strengths, the correlation 
factor have the value of 0.wβ =  On the bases of 

experimental testing of welded joints with filler materials 
with different strength to strength of parent material, the 
modification of relation in EN 1993-1-8 for design rule is 
done to the following form   
 

2 2 2
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σ τ τ
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where is: σ⊥ - is the normal stress perpendicular to the 
throat, τ⊥ - is the shear stress (in the plane of the throat) 
perpendicular to the axis of the weld, τ - is the shear 
stress (in the plane of the throat) parallel to the axis of the 
weld [7]. In equitation (3) uf is the nominal ultimate 
tensile strength of the weaker part joined, euf  - the 
nominal tensile strength of material of filler material and  

2Mγ  is partial safety factor for joint. The design criterion 
presented by equitation (3) can be used for welded joints 
with lower and higher filler materials strength to strength 
of parent material. On the bases of this design criterion 
the more uniform factor of safety are obtained in case of 
load that act at direction parallel to axis of the weld or in 
plain perpendicular to this axis.  
The chemical composition of materials, characterized by 
carbon equivalents is dominant influential factor to the 
determination of preheating levels for the prevention of 
hydrogen cracking. Carbon equivalent (CE) formulae 
according to International Institute of Welding, and 
implemented in EN 1011-2:2001  
 

( ) ( ) [ ] % ,
6 5 15

Mо Cr V Ni CuMnCE C
+ + +

= + + +  (4) 
 

 
where the chemical symbols of elements present its 

concentration in percentage. The influence of the 
chemical composition on the cold cracking behavior of 
steels are expressed also as theoretic carbon equivalent 
(CET) and provides information on the effect on the 
individual alloying elements on these properties in 
relation to that of the carbon by following relation [9, 10 
and 11] 
 

( ) ( ) [ ] % ,
10 20 40

Mn Mo Cr Cu NiCET C
+ +

= + + +
 

(5) 

  
 

where, also, the chemical symbols of elements present its 
concentration in percentage.  
As consequence of welding procedure a different types of 
defects are always present in zones of welds. The 
potentially most dangerous defects in welding of high 
strength steels are hydrogen cracks that are transversally 
oriented. Because of the difficulties in identification and 
determination of defect dimensions, the method of 
allowable level of defect is adopted. By this method, 
certain level of density of defects with defined properties 
is always present in the zone of welds. The value of 
allowable dimensions of defects depend to the impact 
toughness of material and in case of weld metal, also, 
depend on level of deformation in exploitation of welded 
construction.  
 
4. ADVANTAGES OF HIGH STRENGTH 

STEELS APPLICATIONS 
 
The application of high strength steels in mechanical 
constructions can be considered from number of different 
aspects. In this paper, only the most significant aspect of 
this application is presented. The identification of basic 
perspectives and trends in application and even evaluating 
of this steel grade is done in this paper.  
On the basis of very favorable relation of strength and 
toughness to the mass, the high strength steels provide 
significant reductions of masses of mechanical 
constructions.  On the other hand, the applications of high 
strength steels provide decrease of load capacity at the 
same dimensions, regarding the same masses of 
constructions.  Mechanical properties of those steel grades 
provide reduction of dimensions at cross sections of 
elements of constructions. The presented facts implicate 
that by the applications of high strength steels the higher 
level of flexibility in design is obtained [12]. The 
reduction of constructions’ masses resulted in increase of 
energy efficiencies of those constructions. The total 
ecological effects of constructions are reduced by 
application of high strength steels during the whole life of 
constructions, not only during exploitation. Economic 
effects of applications of high strength steels are multiple 
and significant. The prices of structural steels rise as its 
strength rise that is presented by trend line in Fig.4. The 
relative prices of high strength steel plates of three 
leading European producers are presented in Fig.4. The 
average price of steel grade S235 is selected as referent. 
 

 
 

Fig.4. The average referent prices of high strength steels 
in function of yield limit 
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The trend line of price increase due to increase of strength 
of corresponding steel is presented also in Fig.4. The 
trend line followed the shape of square root function from 
value of stress at yield limit. The variations from 
presented trend are result of market disturbances and 
present market strategy of producers. In case that required 
load capacity have to be obtained the relative material 
costs will decrease by application of high strength steels, 
as it is illustrated in Fig.5.  But, the price of mechanical 
construction is highly dependent on production costs then 
costs of used materials. For the aim to simplify the 
analysis only costs related to materials is taken into 
account in this consideration. When the integrity and load 
capacity of the construction is determined by the 
resistance to buckling, the economic effect of application 
of high strength steel is slightly reduced. 
 

 
 

Fig.5. Approximate referent price of high strength steels 
on the basis of load capacity   

 
The very interesting application of high strength steels are 
for forming of hybrid girders for different constructions. 
The example of bridge design with hybrid girders is 
presented in Fig.6. in order to illustrate the flexibility of 
design provided by applications of high strenght steels. 
 

 
 

Fig.6. Bridge design with hybrid girders 
 

For hybrid girders, as used at presented bridge design, the 
high strength steels are used for flanges where stresses are 
maximal. For the web, the low strength steels are used 
because the stresses are low at this zone [4 and 5]. By this 
combination of different steel grades at the cross section 
the beneficial economical effect is obtained with 
simultaneous increase of safety and reliability and 
improvement of mechanical characteristic of bridge 
structure. The economical benefit is multiple and it is 

present in almost every stage of construction forming 
(Fig.7.). 
 

 
 

Fig.7. Savings at different production stages provided by 
application of high strength steels  

 
The actually achieved savings and the real benefits of 
application of high strength steels have to be implemented 
step by step in design process.  
 
5. CONCLUSION 
 
High-strength low-alloy steels are the materials with 
currently fastest growing share of application in 
mechanical constructions. Those steels have significantly 
different characteristics from the characteristics of 
conventional steels that they replaced. Their lightweight 
capability is linked to specific ratio of strength and 
toughness to weight, as result of complex, multi phase 
microstructure.  Mechanical properties, resistance to 
atmospheric corrosion, the availability of joining 
methods, beneficial economical and ecological effects  
conditioned that this steel grade become very important 
from the aspect of application in mechanical 
constructions. Also, from the aspect of evaluation of new 
type of steel from this steel grade, the further enlargement 
of application can be expected.   The considerations of 
this paper are linked to application of first generation of 
high strength steels. The microstructure of the second 
generation of high strength low-alloy steels is, basically, 
austenitic at room temperatures due to high content of 
manganese. The step forward is done in forming 
technology of those steels by development of specific 
technology that induced the twinning of metal grains 
(TWIP - twinning induced plasticity). The deformation 
process of those steels induced the twinning of metal 
grains and by that, refinement of microstructure is 
obtained and resulted in high deformation reinforcement. 
The tension strength of those steels is higher than 1000 
MPa with simultaneous deformation of 60%. The prices 
of those steels are very high due to high prices of alloying 
elements. The complex microstructure of those steels 
causes decrease of weldability. The mechanical properties 
of second generation of high strength low-alloy steels 
overcome the requirements of general purpose mechanical 
constructions. The evolution of high strength low-alloy 
steels  is continued by development of the third 
generation of high strength low-alloy steels. The intended 
microstructure of the third generation of high strength 
low-alloy steels have to be less complex then the 
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microstructure of the second generation, which will 
improve the weldability with minimal compromises in 
mechanical characteristics. Those intended properties of 
the third generation of high strength low-alloy steels will 
even induced expansion of their application in mechanical 
constructions. The projections of shares of application of 
those steels in mechanical constructions, according to 
Ducker WorldWide, in year 2015 are presented at Fig.8.  
 

 
 

Fig.8. The projections of shares of application of 
materials in mechanical constructions in 2015  

 
By the application of high strength steels in mechanical 
construction a number of significant advantages in design 
of mechanical constructions can be done. The 
optimization of design of mechanical construction made 
of this steel grade can be done only by adequate 
consideration of its specific nature and characteristic. 
Higher lifting and load capacity, low weight, improved 
environmental compatibility, decreased power 
consumption are just some of the advantages of high 
strenght steel applications in mechanical construction. 
From the aspect of producer of mechanical construction 
advantages are satisfied workability, good weldability and 
formability, fewer filler materials required, good 
cutability, reduced costs and so on. High strength of steels 
means a higher degree of hardness, so application of high 
strenght steels also improved wear resistance. Application 
of high strength steels in mechanical constructions put 
new significant perspectives in design of those 
constructions, but, also, brings some problems that must 
be solved in process of design.   
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Abstract: Turbine blades are one of the most important 
machine parts in every power generator. Corrosion 
and/or erosion attack on blades are also available in 
moisture atmosphere, because the wet water vapour is an 
usual working media in low pressure turbine. After long 
time in service, the initial structure is changed. Some 
pores were metallographically detected and their 
aggregation combined with probable coagulation around 
non-metallic inclusions is observed. Those pores can lead 
to the crack formation. Serious problems may arise due to 
these non-metallic inclusions since they are surrounded 
by a number of individual pores or even characteristic 
“clouds” of pores are formed around inclusions. From 
the aspect of blade vibrations, the crack will be expected 
only at some positions. This kind of crack usually is 
initiated at the blade surface. In another case, when an 
aggregation process of pores occurs, the coagulation and 
coarsening of pores may provoke the crack initiation not 
on the surface, but in the bulk of the blade material. 
Metallographic investigations were performed using light 
microscope. 
 
Key words: Turbine blades, structural changes, 
coagulation of pores, cracks 
 
 
1. INTRODUCTION 
 
Every turbine contains a great number of important 
machine parts but the blades [2,7], no doubt, are one of 
the most important. Practically, there is no any part in 
power generator which posses such kinetic energy, wear 
of working surface, and in a normal regime works at 3000 
rev/min, every day, every week, even a whole year, like a 
blade. Corrosion and/or erosion attack on blades are also 
available in moisture atmosphere [4,8], because  the wet 
water vapour is an usual working media in low pressure 
turbine.  

At the same time a blade, as a console type of machine 
elements, is subjected to (mostly harmonic) vibrations and 
oscillations. All of these stresses or influences, the chosen 
material Deformations & oscillations in working regime 
of blades, now could be successfully monitored by using a 
laser technique [10]. 
It is shown in wider literature [2,5] that cracks in material 
of such turbine blades have appeared rather on the similar 
places, as like in or around the hole for bandage-wire, and 
also in places where vibrations reaching their highest 
value. 
Many models were developed to estimate the crack 
growth rates [3,5], most of them are based on the 
characterization of fatigue cracks under known loading 
conditions (especially in laboratory experiments) using 
the stress intensity factor. In these investigations the 
promise is that the path of the crack is linear and that it's 
plane of growth is normal to the loading axis. But, 
however, cracks seldom not propagate in a linear fashion 
[5,8], as it was stated here on a microscopic level. The 
changes in microstructure can occur due to factors as like: 
stress state, environment, load excursions, or local micro-
structural discontinuities. 
Here are registered and presented a local variations in the 
microstructure and crack initiation which were find out in 
bulk material of low pressure turbine blades after 60000 
hours in service. But, when in the bulk material of the 
blade is undergoing to changes in microstructure, the 
formed pores and their coagulations could not be ignored 
for any further discussions of crack growth rate, and for 
prediction or estimation of rest working life, and so on. 
 
2. BLADE VIBRATION SOURCES AND 

CHARACTERISTICS 
 
Blades of different dimensions (lengths and mass) are 
arranged on turbine rotor in many rows, as shown in Fig. 
1.  
 

 
 

Fig.1. View of turbine rotor with blades 
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Free-Standing Last Row Blade is shown on Fig. 2. 
 

 
 

Fig.2. Free-Standing Last Row Blade 
 
Sources of vibration excitation are: 

 Non-uniform flow caused by: steam entering over 
only a portion of the circumference, complex axial to 
radial flow behaviour (which is minimised with good 
design) etc. 

 Periodic effects due to manufacturing constraints, e.g. 
non-uniformity of manufacturing thicknesses,    
eccentricity of diaphragms, ellipticity of stationary 
parts, etc. 

All of the above sources cause excitation at the rotation 
frequency or low multiples (harmonics) of that frequency.  
As normal working conditions may be considered 
following parameters: 3000 rev/min, temperature inside 
the generator 80-120°C, and humidity over 80%. The 
humidity of working atmosphere is high.  Pressure inside 
the turbine is about 0.04 bar. The specific mass of wet 
vapor is much greater than in dry vapor. This fact implies 
on working conditions, i.e. it means that friction between 
wet vapor – blade surface will be smaller if dry vapor is 
used. In explained working conditions, environmentally-
assisted corrosion, erosion or fracture became possible.  
The working temperature inside the turbine is in the range 
of 100-40°C: the highest incoming temperature does not 
overcome 100°C, while the out-coming temperature is at 
least 40°C.  
 
3. TURBINE BLADE MATERIAL 
 
Blade material must have some or all of the following 
properties, depending on the position and role. 

 corrosion resistance, 
 tensile strength (to resist centrifugal and bending 
stresses), 

 ductility, 
 impact strength (to resist water slugs), 
 material damping (to reduce vibration stresses), 
 creep resistance. 

For turbine blades are available different alloys. Low 
pressure blades are made of steel [7,12]  according to DIN 
corresponds to X20Cr13. For low pressure turbine of the 

cheaper but available material is a stainless steel with 12-
14%Cr.  
 
4. DESIGN OF TURBINE BLADE, 

VIBRATION AND METALLOGRAPHIC 
PREPARATION 

 
The turbine blades always have a specific design with the 
cross-section resembling a deflected water-drop, Fig. 3. In 
some cases the hole is drilled in the blade for bandaging 
purposes, i.e. for decreasing the oscillations of the free 
end of the blade, Fig. 4. Frequently, these holes are 
sources for crack initiations and their growth, so they may 
have begun the cause of the blade fracture, an accident 
extremely dangerous for the whole power plant [7-9]. The 
blade during working is undergoes to deformations along 
the one blade, as sketched in Fig. 3 and 4.  
 

 
 

Fig.3. Deformations along the blade: 1-crack; 2-new 
edge of blade; 3- edge of blade. 

 

 
 

Fig.4. Cross-section of a blade and crack at hole for a 
rope. 

 
For metallographic investigations, the blades are cut. 
Micro-hardness values at the polished surface of 
metallographic samples are measured by a micro-hardness 
tester applying the load of 1000g. 
The lines of vibrations are better visible by using the 
method of holographic interferometry [10]. Greater 
oscillations and deformations of blade are positioned at 
lower frequency, see carefully Fig. 3.  
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Metallographic investigations here were performed by 
using a light microscopy. The samples were prepared by 
using the standard technique of grinding and polishing, 
whereas 4% nital was used for etching.  
 
5. RESULTS AND DISCUSSION 
 
A mixture of ferrite and chromium carbides with retained 
austenite [1-6] is present in the microstructure of the 
blade after 60000 hours in service. According to micro-
hardness values (in the range of 240-270 HV1) which are 
approximately the same along the cross section it is 
concluded that this structure is obtained by the 
normalizing annealing. This kind of structure is shown in 
Fig. 5. However, the edge of the thinner part of blade is 
quenched and tempered with hardness ~440 HV1. Such a 
choice of heat treatment could be explained by the need 
for increasing strength and resistance to high level of 
vibrations on the blade edge.  
 

 
 

Fig.5. Fully homogenous structure of turbine blade. x185. 
Nital etching. 

 
In addition, in the cross section of blade non-metallic 
inclusions are found, see Fig. 6. These inclusions are 
visible both in longitudinal and cross-section of blade, it 
means at bulk of blade material.  
 

 
 

Fig.6. Non-metallic inclusions in cross section of blade. 
x185. Nital etching. 

Serious problems may arise due to these non-metallic 
inclusions since they are surrounded by a number of 
individual pores, or even characteristic "clouds" of pores 
are formed around inclusions Fig. 7.  
 

 
 

Fig.7. Non-metallic inclusions associated with pores in 
cross sectional direction of the blade. x185. Nital etching. 
 
As a consequence of such aggregation and probable 
coagulation of pores, the cracks will be easily formed, as 
it is shown in Fig. 8.  
 

 
 

Fig.8. Cracks of the blade. x185. Nital etching. 
 
From the aspect of blade vibrations, the crack will be 
expected only at some positions, as it was illustrated in 
Fig. 3 and 4. This kind of crack usually is initiated at the 
blade surface. In another case, when an aggregation 
process of pores occurs, the coagulation and coarsening of 
pores may provoke the crack initiation not on the surface, 
but in the bulk of the blade material Fig. 8. 
It should be mentioned that those coagulated pores could 
not be identified by using other testing techniques 
(ultrasound or similar) but only by using a metallographic 
analysis. 
As a consequence of such aggregation and probable 
coagulation of pores, the cracks will be easily formed [11-
12]. 
Contrary to previously reported results [7-9], some 
investigations have shown that mechanical properties at 
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the root of blade, in the case of low pressure turbine 
blade, obviously are not lower than in other parts of low 
pressure turbine blade. 
 
 

6. CONCLUSION 
 
Results of metallographically investigated structure of 
turbine blades, after 60000 hours in service, can lead to 
the following conclusions: 

 Turbine blades are one of the most important machine 
parts in every power generator. 

 The initial microstructure (mixture of ferrite, carbides 
and retained austenite) corresponds to applied the 
normalized annealing. 

 Micro-hardness  values corresponds to micro-
structural findings. 

 Serious problems may arise due to non-metallic 
inclusions since they are surrounded by a number of 
individual pores or even characteristic “clouds” of 
pores are formed around inclusions. 

 Contrary to previous models predicting the crack 
initiation at the surface of the blade where 
deformations and vibrations reach the maximum 
values, the crack reported in this paper was detected in 
the bulk of material as a result of pores aggregations 
(or coagulations). 

 As a consequence of such aggregation and probable 
coagulation of pores, the cracks will be easily formed. 

 Contrary to previous models predicting the crack 
initiation at the surface of the blade where 
deformations and vibrations reach the maximum 
values, the crack reported in this paper was detected in 
the bulk of material as a result of pores aggregations 
(or coagulations). 
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CYCLIC BENDING OF HYDROGENATED 
AND NONHYDROGENATED X 65 STELL 
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Abstract: The paper presents the mechanical behavior of 
hydrogenated and nonhydrogenated X 65 PSL 2 steel, 
used for oil facilities, during an alternating symmetric 
bending cycle. The samples were hydrogenated for 96 and 
192 hours. Some of them remain nonhydrogenated. The 
aim of the research was to determine the influence of 
hydrogenation time on number of cycles supported by 
samples till they crack. It was found that hydrogenation 
time has a major importance on this number. 
 
Key words: X 65 PSL 2 steel, hydrogenation, alternating 
symmetric bending cycle 
 
 
1. INTRODUCTION 
 
Many destructions of the petroleum and energy plants or 
road, rail and air transportations, with many casualties and 
significant damage have resulted due to the cracking of 
the metal parts as the results of their embrittlement by 
hydrogen. These observations have led to the need to 
study the influence of hydrogen on metals. The target is 
the steels used in the construction of oil pipelines and 
installations, due to the presence of certain substances in 
oil, especially hydrogen sulphide. They favour the 
penetration of hydrogen in steel and its embrittlement. 
Hydrogen can be reached in several ways into the steel 
[1], [2]: 

 by the contamination with hydrogen (casting 
environmental hydrogen and due the materials 
humidity used in steel making and casting), also called 
the internal or metallurgical hydrogen [3]; 

 from the surface of metal parts during their issuing 
and afterwards, due to environmental conditions and 
mechanical applications.  

When the hydrogen content in steel exceeds a certain 
amount (critical threshold), the cracking of the material 
occurs [4], [5]. 
Most components of machines, installations, pipelines, 

bridges, etc. are subject to loads that are not constant over 
time, having a variable character. It was found that the 
materials resist less at variable loads than the static ones, 
as a result of structural changes, progressive and 
permanent in their nature, and which may culminate with 
the emergence of cracks or complete break after a 
sufficient number of fluctuations. Usually the initiation 
process takes place after the emergence of a number of 
microcracking which can increase until one of them 
becomes dominant in coalescence with other microcracks 
[6]. 
There are some factors that contribute to the initiation of 
the process, such as: the type of the load, the 
characteristics of the material, shape of the machine part, 
surface quality, the working environment etc. The 
presence of non-metallic inclusions presents a special 
importance in the initiation of the fatigue process of steel 
parts. They lead to internal tensions and can initiate 
material fatigue breakage. If the content of hydrogen in 
steel making was high, or the machine part is in a 
hydrogenated environment, internal tensions, some 
specific defects or cracks ("fish eyes", "flakes" etc.) can 
occur, which may also initiate fatigue breakage [7], [8] 
(figure 1). 
 

 
 

Fig.1. 2.52 mm “fish eye” that represent 
the origin of the fatigue breakage [8] 

 
2. EXPERIMENTAL RESEARCHES 
 
For carrying out the tests were taken in study two charges 
of steel of the same type (API 5 L Grade X 65 PSL 2), 
denoted by A and B, cast in a continuous casting machine. 
From each charge was cutted a block with a length of 
approximately 200 mm, having the slab thickness and 
width (250 and 1550 mm). From those blocks, samples 
with rectangular section and dimensions of 288 X 45 X 10 
mm (figure 2) were taken [9]. 
 

 
Fig.2. The position of the samples related to the slab 
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Samples were collected from the surface of the slab 
(denoted by S1, S2, S3) and from the middle of them 
(denoted by M1, M2, M3). Membership in the charge is 
indicated by letters A and B. The samples are cutted as 
their length is the transversal direction of casting slab, 
keeping in mind to avoid the area affected by heat during 
the flame cutting of the block. 
The slab is heterogeneous in its section, which can be 
seen form metallographic microscopy analysis done to a 
sample taken from the surface of the charge A slab (noted 
S) and from the middle of it (noted M) (figure 3) 
 

  
a) Sample S (100X) 

untreated 
c) Sample S (200X) 

2% nital treated 

  
b) Sample M (50X) 

untreated 
d) Sample M (500X) 

2% nital treated 
Fig.3. The metallographic microscopy analysis of the 

samples 
 
From the figure 3 for nonmetallic inclusions analyses 
(nonchemical treated samples) it can be observed that the 
samples taken from the slab surface (figure 3 a) have, in 
generally, some small nonmetallic inclusions only (many 
of then are oxides) and gas holes. Contrary, samples taken 
from middle of the slab (figure 3 b) have many gas holes 
and larger and denser nonmetallic inclusions, like a net. 
Inclusions are oxides, sulphides and nitrides like.  
If the microstructure of the samples is analyzed (figure 3 
c) a ferrite-pearlite structure with smaller and 
inhomogeneous grains is find, right on the slab surface. 
The ferrite is lamellar and globular. Samples taken from 
middle of the slab (figure 3 d) have a ferrite-pearlite 

casting structure with bigger and inhomogeneous grains. 
Borders between grains are not always obvious. It is 
noticed many gas holes specific to casting and chemical 
inhomogeneity. 
From the figures 3 b,d it can be seen the association of the 
nonmetallic inclusions and gas holes that forms a net. 
This observation is typically to the structure of the central 
segregation zone. So, the structure of the samples from 
the surface of the slab is superior.  
Specimens used in the alternating symmetric bending 
cycle tests are shown in figure 4. Their surfaces have been 
adjusted to a roughness of  Ra = 0.0020 mm. In the area 
of tension concentration the width is 25 mm. In order to 
clamp them to the test machine, they have unequal lengths 
heads. Then the samples were hydrogenated: 

 samples MA1, SA1, SB1 MB1 from each charge have 
remained nonhydrogenated;  

 samples SA2, MA2, SB2, MB2 from each charge 
have been hydrogenated for 96 hours;  

 samples SA3, MA3, SB3, MB3 from each charge 
have been hydrogenated for 192 hours.  

 

 
 

Fig.4. Specimens used in the alternating symmetric 
bending cycle (nonhydrogenated – gloss and 

hidrogenated – mat) 
 
The samples treatment into the sulfide hydrogen 
environment has been made under the conditions of the 
test HIC (NACE TM 0284 Standard [10]) in a saline 
solution, acidified, in which the H2S was bubbling. As a 
result of this treatment surface roughness has changed to 
Ra = 0.0023 mm.  The alternating symmetric bending 
cycle tests were performed on a machine that reproduces 
the alternating symmetric bending cycles (figure 5).  

 
 

 a)  b) 
Fig.5. The alternating symmetric bending cycle machine a) frontal view, b) lateral view, 1. bad; 2. electric motor drive; 

3. coupling; 4. load leverage; 5. the eccentric mechanism; 6. clamping device of the sample (long end); 7. sample; 
8.clamping device of the sample (short end). 
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The sample was clamped at the short end and loaded with 
a concentrated load at the other. 
All samples were tested using the same load of 450 MPa. 
The frequency of oscillation is 750/min. Test results are 
given in table 4. The tests were held until the brake of the 
sample.  
 
3. EXPERIMENTAL RESULTS 
 
Results of experimental tests are presented in table 1. 
 
Table 1. Test results for the alternating symmetric 
bending tests 
 

Hydro-
genating 

time 
(hours) 

Sample 
cod 

Number of  
cycles 
until  

braking up 

Averages 

SA1 332250 
SB1 462000 S1 397125 

MA1 379500 
0 
 

MB1 373500 M1 376500 

Table 1. 
 

Hydro-
genating

time 
(hours) 

Sample 
cod 

Number of  
cycles 
until  

braking up 

Averages 

SA2 146250 
SB2 125250 

S2 135750 

MA2 106500 
96 

MB2 97500 
M2 102000 

SA3 88500 
SB3 121500 

S3 105000 

MA3 84000 
192 

MB3 59250 
M3 71625 

 

The averages values from table 1 are presented in figure 
6. Their analysis shows that: 

 the number of cycles for hydrogenated samples until 
breaking is smaller than that for the nonhydrogenated 
ones; 
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Fig.6. The averages values for the alternating symmetric bending tests 

 
 the difference between the number of cycles for 96 
hours hydrogenated samples and the 192 hours ones is 
less than the difference between the number of the 
cycles for nonhydrogenated specimens and 96 hours 
hydrogenated ones; 

 samples taken from the centre of the slab  exhibit, in 
general, a number a cycles less than those obtain for 
the sample taken from the surface of the slab. 

In figure 7 are shown images of the breaking areas for A 
charge samples obtained at an optical microscope. The 
assessment of the images obtained, highlight a fragile 
breaking for the hydrogenated specimens. 
 
4. CONCLUSIONS 
 
The aim of the paper was to highlight the effect of 
hydrogen on the mechanical behavior of same samples 
made of  X 65 PSL 2 steel taken from the different 
 

   
SA1  SA2  SA3  

   
MA1  MA2  MA3  

 

Fig.7. Images of the breaking areas for A charge 
samples, obtained at an optical microscope 

 
sections of two slabs, tested to an alternating symmetric 
bending. 
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As emerges from the analyses of macrostructure and 
microstructure the studied slabs have a central segregation 
zone, where a structure with very large and 
inhomogeneous grains and many casting goals is 
distinguished, forming a network. There are also many 
non-metallic inclusions, which are in the form of oxides, 
sulfides, nitrides etc. The surface of the slab is 
characterized by a ferito-perlite structure with small 
grains and very few and fine non-metallic inclusions.  
For this reason, mechanical properties of the samples 
from the surface of the slab are higher than those from the 
middle.  
Once the hydrogenation of the samples (especially those 
from the middle of the slab) hydrogen meets non-metallic 
inclusions, lattice defects, casting goals, etc. which may 
consist of traps for hydrogen. The pressure created by 
trapped hydrogen, plus the increased level of internal 
tensions can lead to the appearance of microcracking. 
These internal tensions and microcracking lead to 
reduction of mechanical properties of the hydrogenated 
samples.  
It can be note that the effect of the hydrogenation is 
evident from the alternating symmetric bending tests, 
where the differences between the results on 
hydrogenated and nonhydrogenated samples are obvious. 
There are significant differences between the results on 
specimens from the surface of the slab and in the middle 
of them. 
In view of the sharp decline in the mechanical and 
chemical properties of the steel in the presence of 
hydrogen sulphide, much attention should be paid to the 
quality of the steel used in the brand construction of oil 
pipelines and installations.  
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CALCULUS OF METALIC AND STEEL-
CONCRETE MIXED STRUCTURES AT 

FIRE ACTIONS 
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Sava IANICI 
 
 
Abstract: Fire resistance of metal and steel-concrete 
mixed construction can be determined using simplified 
methods based on tables or calculus formula provided by 
European normative. For singular conditions, in case of 
complex structures or particular situations, may be 
necessary performing an advanced numerical analysis 
using dedicated software for thermal and mechanical 
analysis of structures subjected to high temperatures, as 
well as establishing fire scenario based on “natural fire” 
pattern. Present paper exposes the principles of 
examining structural elements subjected to fire action, 
calculation methods and an example of applied European 
normative. 
 
Key words: safety, fire, temperature, structures, steel 
 
 
1. INTRODUCTION 
 
Fire safety of a structure assumes reaching the following 
objectives: 

 ensuring the bearing capacity of resistance structure of 
construction for a given period of time; 

 establishing boundaries, by design, for fire generating 
and spreading inside construction;  

 establishing boundaries, by design, for fire spreading 
towards the adjacent constructions;  

 ensuring building evacuation availability for the 
occupants in due time or rescuing them; 

 ensuring safety of rescue and intervention teams in 
case of emergency situations. 

Provision of the above objectives is achieved through a 
series of active and passive measures.  
Actives measures are represented by all the equipment 
activated in case of a fire outbreak as automatic systems 
of fire detection and fire extinguishing.  
Among passive measures it can be mentioned: providing 
proper evacuation ways considering the building’s 

features, covering or disposing the potential sources of 
fire starting from building design, limiting fire spreading 
by designing an adequate building subdivision and last 
but not least, securing by design a proper endurance to 
action of high temperatures in case of fire, for bearing 
structure components of building, for a given fire 
resistance period.   
In Romania, the normative P118/99 [1] [5] offers 
technical conditions for designing and building 
constructions in order to be insured of fire action and 
gives information regarding ways to provide the passive 
and active measures considering building features.  
The normative classifies buildings taking into account 
five degrees of fire endurance, depending on minimum 
period of resistance to fire action bearing structure 
components of building, howbeit, until recently in 
Romania there have not been normative to establish an 
evaluation methodology by calculus of fire resistance for 
bearing structure components subjected to a particular 
stress. 
In the developments made in classical thermo-elasticity, 
thermo-physical and thermo-mechanical properties of 
materials are generally considered uniform.  
This assumption is justified by the fact that the effects of 
climate changes and temperature variations are studied. 
 This point of view no longer holds in situations in which 
is studied the behavior of main elements and main 
structures at high temperatures due to conflagrations.  
To approach this complex physical phenomenon by 
calculation, in addition to knowing a large amount of data 
and methods, it is necessary to know evolution of thermo-
physical, thermo-elastic and thermo-mechanic properties 
of materials at temperature increase.  
Like any measures that depend on the nature of material, 
these properties can also be determined only 
experimentally.  
The purpose of present paper is to determine the response 
of a resistance structure under fire action, but this 
primarily involves knowing material characteristics, in 
this case of steel, at high temperatures.  
These parameters interfere in first step in calculus of 
temperature distribution inside structure’s parts which, in 
turn, is the underlying for determination of thermo-
mechanical response of resistance parts or structures. 
Hence, the thermo-physic properties: thermal 
conductivity, specific heat, and density,  interfere with the 
heat conduction equation and thermal expansion 
coefficient, interferes with evaluation of thermo-mechanic 
response of structure. 
Estimation of structures considering exceptional actions – 
such as the ones caused by high temperatures engendered 
by conflagrations – requires knowing a complex process, 
time progressive, due to parameter changes, used for 
calculations, such as thermal and mechanical 
characteristics of materials. 
Thermal conductivity coefficient of steel is higher 
compared to other materials used in constructions. For 
example, at temperature of 20 o C its value is 
50 kmW ⋅/ , while the value for concrete is 
1.8 kmW ⋅/ . 
Experimental results regarding fluctuation of thermal 
conductivity with temperature, indicating the 
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conductivity’s dependence on carbon’s content and its 
decrease with increase of temperature. 
It can be noticed that once the carbon percentage rises the 
conductivity λ lowers really fast. 
The experimental results indicate that whit rising of 
temperature the specific heat of steel rises as well. By 
examining the curves it can be pointed out that the values 
for specific heat are being very little influenced by the 
carbon concentration.  
Experimental results point to slight fluctuations of steel’s 
specific weight with temperature, therefore this variation 
is not taken into consideration in calculus. Usually value 
of density is considered 3

0 /7850 mkg=ρ . 
Thermal diffusion decreases with the increase of 
temperature. 
Thermal diffusion of steel exceeds by far other 
construction material’s thermal diffusion (ten times 
higher than the one of concrete), that being one of the 
reasons  which for the steel parts and concrete ones have a 
highly different behavior in case of conflagration. 
Steel’s thermal expansion coefficient has the value of 

Co/1010 6
1

−⋅=α  for a Co20  temperature and it is 
practically constant regardless carbon density. 
The coefficient 1α  increases with temperature, hence it 
can be observed that the results dissipation is reduced and 
the influence of carbon’s density is neglectable. 
 
2. FUNDAMENTALS FOR BEARING 

STRUCTURE COMPONENTS 
EXAMINATION AT FIRE ACTION 

 
The criterion for establishing the endurance to fire action 
of a bearing component consisting of steel or concrete   
presumes that high temperatures resulted from a fire 
reduce the endurance and the rigidity of these materials. 
In figure 1 it is shown the fluctuation of reduction factors 
for endurance and modulus of elasticity of steel subjected 
to high temperatures.  When the temperatures considered 
at the cross section of a structural component caused the 
decrease of component resistance below level of effort 
produced by charges in case of fire it is considered that 
the referred component worn out its bearing capacity 
under fire action. European normative EN 1991-1-2 [3] 
describes the thermal and mechanical actions that must be 
taken into consideration regarding a structure subjected to 
fire action, offering normalized fire models, parametric 
fire model and natural fire models described below:  
- Normalized fire curve ISO as depicted in figure 2, 
whereas is internationally admitted and very effective for 
executing experiments, it shows a poor modeling of 
reality because it doesn’t consider any of physical 
parameters. Also it admits a unique pattern regarding time 
evolution of temperature for every type of construction 
and not only, the temperature increases continuous.  
For a real situation temperature evolution inside a 
compartment is connected to a series of parameters as 
apertures, thermal charge and fire emission velocity. 
- Parametric fire model gives the time-temperature curve 
depending on thermal charge and wall apertures and 
considers as well temperature regression (figure 2).  
The model is though restricted in terms of compartment 

surface and height subjected to fire action and assumes 
that temperature is constant within entire building from 
the fire start.  
- Natural fire model „Two Zone - One Zone” is able to 
follow the entire evolution of fire from the beginning to 
the “flashover” and until temperature regression.  
At this point it is assumed to be the most advanced 
calculus model used for determining temperature 
evolution in case of fire action inside a compartment. 
Incipient the compartment height is divided in two areas: 
the upper hot plume area and the lower cold area.  
The transition from two temperature zone model to one 
temperature model over the entire height of compartment 
coincides with “flashover” moment.  
At this point it can be esteemed that the fire is widespread 
through the building. This phenomenon occurs on certain 
conditions, for example when the temperature of hot 
gases from the upper area has reached Co500 . 
Considering the complexity of equilibrium equations for 
mass and energy used to describe the interactions between 
air motion and apertures and walls of compartment, it is 
required to develop computer programs in order to obtain 
temperature curves based on this model. Fire is assumed 
to be an extraordinary action and, same as the case of 
seismic charge, only part of the factors describing an 
action are of importance, to boundary condition calculus 
in basic combination. 
In order to obtain calculus charge relevant in case of fire 
action used to elaborate calculus for boundary condition 
for fire dfiE , , the next arbitrary combination is used:  
 

∑ ∑++ ikkkGA QQG ,1,21,1,1 ψψγ                      (1) 
 
where:  

kG is the characteristic value of permanent charge;  

1,kQ  is the characteristic value of ascending variable 
charge;  

ikQ ,  are the characteristic values of the other variable 
charges;  

GAγ  is the fractional safety coefficient for permanent 

charges at fire boundary conditions, 0,1=GAγ ;  

1,1ψ is the combination coefficient for ascending variable 
charge;  

1,2ψ  is the combination coefficient for other variable 
charges.  
There are three possibilities to verify the bearing capacity 
for a steel structural component under action of fire:  
- Time domain analysis – It is desired that the time 
needed for element destruction ft

 
to be higher than the 

time needed for fire endurance of the element, reqt :   

ft > reqt                                                                          (2) 

 
 
- The adequate decay time of component is given by the 
time needed for the endurance of the component subjected 
to high temperatures action reaches the appropriate level 
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of calculus corresponding to the charge in case of fire.  
- Charge domain analysis – For the required time of fire 
endurance reqt  the component resistance fidR ,  is higher 
than the one obtained from calculus in case of fire:  
 

fidR , > fidE ,  
for reqtt =                                               (3)

 
 

 
This analysis is considered the standard method described 
in EN 1993-1-2.  
- Analysis in temperature domain – For the required time 
of fire endurance reqt

 
temperature at cross section θ is 

lower than critical temperature:  
 
θ < θ

cr 
for  reqtt =                                                          (4) 

 
Critical temperature of a steel structural component is 
reached at cross section.  
At this point and for this value the endurance accordingly 
reduced balances unit stress as a result of exceptional fire 
combination. It must be pointed out that thermal 
protection of a steel structural component must be chosen 
such as for the time period of fire endurance temperature 
at cross section to be lower than the expedient 
temperature for component subsidence. This can be 
entailed depending on cross section massiveness and the 
degree of component stress. Taking into account the 
foregoing aspects, considering a realistic fire scenario and 
determining the thermal charge, the time for endurance to 
action fire can reach up to 30 minutes and even longer for 
unfenced metal structures. For this type of structures a 
costly thermal protection is asserted, most of situations 
being unjustified. 
An alternative to thermal protection use for metal 
components is using as constructive solutions components 
with steel-concrete sections. This solution has two 
advantages: - steel-concrete determines the increase of 
component bearing capacity at normal temperature as 
well as in case of fire.   
- due to concrete presence the section warms up slower 
with direct advantages case of fire.  
 

 
 

Fig.1. Fluctuation of steel endurance and rigidity 
depending on temperature 

 
 

Fig.2. Normalized fire and parametric fire 
 
3. CALCULUS METHODS 
 
European standards contain, usually, three calculus 
methods of fire endurance:   

 Tabular method – it grounds on observations during 
experiments. This method is easy to use but the 
applicability domain is restrained due to a set of 
geometrical rules of sections. It is especially used in 
case of concrete components or steel-concrete ones, 
but it is not included in EN1993-1-2 normative 
regarding calculus of steel components at fire actions 
[2].  

 Calculus reduced methods – allow determination of 
last bearing capacity based on formulas and 
nomograms gauged using a vast number of 
experiments. For mixed section components, concrete 
- steel, International Committee for development and 
research of tubular components   (CIDECT) published 
a dimensioning guide which contains 42 nomograms 
for pilot bearing capacity with round or squared 
section, filled with concrete, depending on section 
dimensions, reinforcement percentage, concrete type 
and buckling length of pilot.    

 Advanced computing methods – presume a numerical 
analysis using dedicated computer programmes 
specific for thermal and mechanical structures 
subjected to action of high temperature and validated 
by experimental tests [4]. Advanced computing 
methods are applicable to all types of temperature 
evolution curves inside fire compartment, including 
natural fire models, and can be used to analyze the 
entire structure, considering secondary effects of fire 
action as expansion of structural elements. 

 
 
CONCLUSION 
 
Present paper exposes the principles of examining 
structural elements subjected to fire action, calculation 
methods and an example of applied European normative.  
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Abstract: The operation experience with hydraulic 
machineries (turbines and pumps) and naval propellers 
shows that, without exception, all the existent materials 
are subjected to cavitation erosion. Evidently, the 
intensity of damages depends upon the intensity and the 
time of cavitation exposure, as well as, the chemical 
composition and the mechanical properties of the used 
material. Because material resistance for extended 
exposure times is an important objective, the paper 
analyses, with laboratory means, the behavior of two 
materials: 41Cr4 steel and D-32 naval steel, with and 
without heat treatments. For the experimental part there 
was used a vibratory facility, with magnetostrictive nickel 
tube, in the Cavitation Laboratory of Timisoara 
“Polytechnic” University. The comparison of the steels is 
realized using the cavitation erosions characteristic 
curves as well as microscopic analyses of the damaged 
area. The final conclusion is that the adequate heath 
treatments increase substantially the resistance against 
cavitation erosion. 
 
Key words: cavitation erosion, vibratory test facility, 
heath treatment, cavitation erosion characteristic curves, 
microscopic investigations 
 
 
1. INTRODUCTION 
 
Cavitation erosion of various materials is permanent 
concern both for the scientists and the manufacturers both 
for hydro-mechanical equipments and screw vessels. As a 
result of this phenomenon, occur geometric modification 
of the shape or even holes in important machine element 
implying important reduction of the efficiency or even 
forced outages. For increasing the maintainability of such 
devices there are investigated various procedures: 
reducing the cavitation intensity, using high alloyed 

steels, applying adequate heath treatments etc. The 
present paper analyses the material resistance increase 
with the help of structural quenching (for 41Cr4 steel) and 
ionic nitration (D-32 high resistance naval steel). 
 
2. TESTED MATERIALS AND TESTING 

PROCEDURES  
 
The steel 41Cr4 is used on a large scale in the 
manufacture of hydraulic actuators especially for slide 
valves. It was chosen as standard cavitation erosion 
material in the Cavitation Laboratory of Timisoara 
“Polytechnic” University (TPU), because it easy to be 
obtained and their characteristics have only small 
differences from different stocks. 
The high resistance D-32 steel is used in shipbuilding 
yards to realize the stern zone, in the propeller vicinity 
were, during sailing, the cavitation phenomenon has great   
importance [1].  
Because, for the mentioned details, the cavitation erosion 
resistance is of greatest importance and the used steels 
qualities can be improved through heat treatments, 
researches were carried on to see the increase obtained 
when the 41Cr4 steel is oil-quenched and the D-32 steel is 
ion nitrated. The layer thickness obtained through ion 
nitration is of 0.7 mm. 
The chemical composition are: 
- for 41Cr4 steel: 0,445 % C, 0,561% Mn, 0,28% P, 0,009 
% S, 0,94% Cr, Fe-rest; 
-for D-32 steel: 0,18% C, 12,3% Mn, 2,5% Si, 0,04% P, 
0,2% Cr, 0,4% Ni, 0,04% Al, 0,08% Mo, 0,35% Cu, Fe-
rest. 
Table 1 presents, for both states of the materials (with and 
without heat treatments) the principal mechanical 
characteristics. The chemical composition and the 
mechanical characteristics were determined in various 
laboratories of the Timisoara “Polytechnic” University. 
From the metallographic analysis resulted that the 41Cr4 
steel has a martensite and bainite structure and the D-32 
has a coarse austenite structure. 
 
Table 1. Mechanical characteristics of the materials  

Mechanical characteristics  Steel R*m 
[Mpa] 

R**p0,2 
[Mpa] 

BH*** 
[daN/mm2] 

41Cr4 808 790 238 
41Cr4 TT1* 1090 1025 317 

D-32 530 315 159 
D-32 TT2*   264 

*Tensile strength, ** Yield strength, ***Brinell hardness, 
1*Quenching, 2*Ion nitration 

 
The increase obtained through the heath treatment of the 
41Cr4 steel, in comparison with the mechanical 
characteristics, in untreated state, is: 
 

∆(Rm) = 25,8 %,     ∆(HB) = 24,9 %,    ∆(Rp0,2) = 22,9 %, 
 

The chemical analyze, for the uppermost bed of the 
surfaces subjected to cavitation erosion for the D-32 ion 
nitrated, carried on many specimens, on a layer with 
maximum 0.5 mm depth conducted to the following 
chemical composition: C = 0,18 %, Cu = 0,35 %,  Al = 
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0,04 %,  Mn = 12,3 %,  Si = 2,5 %,  Cr = 0,2 %, Mo = 
0,08 %,  P = 0,04 %,  Ni = 0,4 %,  N = 9,5 %,  Fe = rest. 
There were not made determination of nitration influence 
upon the tensile strength Rm and the yield strength Rp 0.2. 
The behavior to cavitation erosion was investigated in the 
T1 magnetostrictive device, with nickel tube of the TPU 
[1], [2], [4]. In conformity with the ASTM G32-2010 
Standard the researches were conducted in distillated 
water at the temperature of 21 ± 10C [5]. During the tests 
the operation parameters of the vibrating apparatus were 
maintained at same value (double amplitude of the 
vibrations 94 µm and frequency 7000±3% Hz). The total 
cavitation erosion exposure was 2.75 hours. The total 
duration was divided in 12 periods: one of 0.0835 hours, 
one of 0.176 hours and 10 of 0.25 hours [3] 
 
3. EXPERIMENTAL RESULTS. 

DISCUSSIONS 
 
On the ground of mass losses determined after each test 
period using the relations (1) and (2) there were 
determined the cumulative mean depth of erosions MDE 
and the mean velocities of erosions MDER. 

MDEi = )
d

M4( 2
p

i
12

1i ⋅π⋅ρ
∆⋅∑

=
 [mm]      (1) 

MDERi = 
ip

i
td

M

∆⋅⋅⋅

⋅∆⋅
2

604

πρ
 [mm/hours]    (2) 

where: 
∆Mi- is the mass los in period i, <grams>, 
ρ – steel density, <grams/mm3>, 
∆ti – time extension of cavitation exposure for period i,  
i = 1,2, 3...12- cavitation period (for i= 1, ∆t = 0.0835 h, 
for i = 2, ∆t= 0.176 h and for i= 3...12, ∆t= 0.25 h for each 
period),  
dp – diameter of the specimen area subjected to cavitation 
(dp= 14 mm).  
 
From each material were tested three specimens. The 
results presented in the paper, through curves and other 
specific parameters, represent the mean of the three 
obtained results. After the tests, the specimens were 
subjected to structural analyzes both for the eroded area 
and in the cross section in order to observe the uniformity 
of the erosions and the maximum depth of the erosion 
MDEmax. The structure morphology was analyzed using 
three different devices: the optical stereo microscope 
OLYMPUS SZX 7 (equipped with the program 
quickMicrophoto 2.2), the REICHERT Univar 
metallographic microscope (with automatic table, video 
camera with adaptor and an interface for data acquisition) 
and the scanning electron microscope XL-30-ESEM 
TMP. 
In figures 1 and 2 are presented, in agreement with the 
demands of ASTM G32 Standard, the cavitation erosion 
characteristic curves giving the time dependence of the 
cumulative mean depth erosion MDE(t) and the mean 
depth erosion rate MDER(t).  
Both the shape of characteristic curves and the scatter of 
points, show clear improvements of the cavitation erosion 

behavior from both curve (1 and 2). The points scatter for 
the curves MDER(t), for the time interval 90 to 165 
minutes indicate that, for both heat treatments, the erosion 
is more uniform in comparison with the non treated steels. 
It is also evident that the use of the hardening treatments 
is beneficial for the details working in cavitation 
conditions. 
In Table 2 there are given pictures presenting the 
evolution of the erosions of the specimen surfaces at four 
significant exposure durations. It can be observed, that for 
constant cavitation intensity, the erosion evolves much in 
profundity but has also some increases as extension.  
 

 
 

Fig.1. Mean depth erosion against cavitation exposure  
 

 
Fig.2. Mean depth erosion rate against cavitation 

exposure  
 
Table 2 Aspects of the eroded surface at different 
exposure times  

Exposure time <hours> Steel 0.5 1.0 1.75 2.75 

41Cr4 

Quenched 
  

D-32 
Ionic 

nitration     
 

In figure 3 there are presented magnified images of the 
eroded surfaces in the erosion plane but also in a 
perpendicular one, after 2.75 hours of exposure. The axial 
section is necessary for measuring the maximum depth of 
the erosion. 
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a) Steel 41Cr4 

  
b) Steel D-32  

 

 
c) 41Cr4 Quenched 

 

   
d) Steel D-32 Ionic nitration 

 
Fig. 3 Maximum depth of erosions measured after the 
final exposure time (images at the optic microscope) 

2 –Stereo micro structural aspectsof the cavitated area (x8) 
1- Eroded surfaces aspects after the final exposure time, 

scanning electronic microscope (SEM) – x500) 
 

Table 3 present the upwards values towards which the 
mean depth erosion  rates have the tendency to became 
stable. 

Table 3. Mean depth erosion rates  
Steel 41Cr4 D-32 41Cr4 

Quenched 
D-32  
Ion 

nitration 
MDER 

<mm/hours> 
2.2.10-7 5.9.10-7 1.2.10-7 1.5.10-7 

 
Table 4. Morphological analysis acknowledgements  

Steel Mean diameter 
of the eroded 
area µm / 
percentage of the 
eroded area  % 

SEM structural 
analysis  

41Cr4 8870µm/41.59% 
 

• Very fine pits, 
uniformly distributed 
on the exposed area, 
with cleavage zones 
and inter-granular 
fissures having radial 
propagation;  
• Fractures with 
fragile character having 
inter-granular 
propagation.  

D-32 8984.4 
µm/44.7%  

• Mix aspect 
with both very great 
pits (200-500 µm) 
and very fine ones  
(10µm); 
• Fragile 
character fractures 
with cleavage zones 
and inter-granular 
fissures.  

41Cr4 
Quenched 

8777.3µm/40.9 
% 
 

• Very fine pits 
uniform distributed 
on the damaged area 
and zones with 
cleavage fractures; 
• The cleavage 
fractures have a 
fragile character and 
inter-granular 
propagation with 
numerous fine 
secondary fissures.  

D-32 Ion 
nitration 

8754.7µm/40.7% 
 

• Fragile 
fracture with both 
very fine and great 
pits, uniformly 
distributed in the 
affected area.  
• Increase of 
very fine pits (5-10 
µm), with cleavage 
zones and secondary 
fissures.   

 
Analyzing the values of Table 3 it can be seen that 
through quenching it was obtained an increase of 1.83 
times and through nitrating an increase approximate of 4 
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times. This huge resistance increase is due also by the 
weak behavior of the D-32 steel without treatments (the 
41Cr4 steel is 2.654 times better). Of course treated 
41Cr4 remains 1.218 better than the treated D-32. 
Anyhow the nitrogen procedure gives an impressive 
increase with regard to the cavitation erosion (the nitrated 
D-32 is 1.5 times better than the 41Cr4 whitout HT). The 
great disadvantage of nitrating is the very thin layer. After 
its removal the erosion can increase dramatically, even in 
the case when it was deposited on good steel as 41Cr4. It 
is important to acknowledge that ion nitration is very 
difficult or even impossible to apply for items with huge 
dimensions and complex shape such as hydraulic 
machinery runners and blades or naval propellers. For 
cavitation exposed items, with small dimensions and 
regular shapes (such as the sliding valves for the 
hydraulic command systems), the ion nitration can be a 
solution for increasing the reliability. 
Table 4 give a synthesis of the conclusions obtained by 
the morphological analyze with the optical 
stereomicroscope OLYMPYS SZX 7 and the scanning 
electron microscope XL-30-ESEM TMP. 
 
4. CONCLUSIONS 
 

 The increase of cavitation erosion resistance by ion 
nitration is recommended exclusively for small items 
with regular geometry when the erosion does not 
overcome frequently the hardened layer of 0.7 mm. If 
such an event occurs, the item must be replaced.  

 When the items have great dimensions or complex 
geometry and the cavitation erosion is very intense it 
is recommended to use items manufactured from high 
resistant materials, heat treated by a quenching / 
tempering procedure. 
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Abstract: The paper analyzed the effect of the laser 
treatment process on the properties of electrospark 
alloying coatings. The coatings were electrospark-alloyed 
using a VK20 electrode (80% WC and 20% Co) with a 
cross-section of 3×5 mm (the anod) onto samples made of 
carbon steel 45 (the cathode).Then, the coatings were 
treated with CO2 laser (continuous wave).  
The properties are assessed after laser treatment by 
analyzing the microstructure and measuring the 
microhardness. Distribution of elements in the 
electrospark alloying WC-Co coating with the subsequent 
laser treatment was done by micro-X-ray spectrum 
analysis (MRSA). 
 
Key words: electrospark alloying, alloy, laser treatment, 
coating, microstructure 
 
 
1. INTRODUCTION 
 
One of the cheapest and most common techniques is 
electrospark alloying (ESA) or electrospark deposition, 
which, like laser treatment, requires employing a focused 
stream of energy. In references [1, 2], the process of 
electrospark alloying is characterized as follows: 

 the reinforcement effect is dependent on the 
sedimentation of the anode material on the cathode 
surface;  

 the best results are obtained when the anode material 
is very hard and resistant to wear, e.g., tungsten, 
titanium, or chromium carbides; 

 the hardened outer layer is a result of the interaction of 
the anode and cathode elements forming solid 
solutions, chemical compounds, oxides and nitrides; 

 the transfer and interaction of electrode materials as 
well as the impulse action of high temperature and 

pressure are responsible for the hardening effect, and 
they lead to the formation of extremely unbalanced 
phases. 

The electrospark alloying (ESA) rests on the use of 
erosion destruction of the anode material (a processing 
electrode) and subsequent transfer to the cathode (a part). 
In this case a metal layer is formed on the part surface 
with changed compositions and features often different 
from the initial ones. The merits of the process are the 
following ones: 

 the potential in coating of the machined surface of cur-
rent-conducting materials,  

 high connection of the applied layer to the foundation,  
 low energy capacity of the process,  
 an easy conduction of technological operations. 

The electro-spark deposition coating is characterized by 
non etching structure. It is stay white after etching. The 
surface layer is constituted in environment of local high 
temperature and high pressure. The fundamental value 
parameters of electromachining are as following [2]: 

 shock wave pressure comes from electric spark is (2-
7)⋅103 GPa; 

 temperature rich (5-40)⋅103 Celsius degree value. 
Among major features of the layer are:  

 the applied layer thickness; 
 microhardness; 
 coating continuity; 
 porosity, etc.  

But there are some shortages of the method preventing it 
from being widely used in production. Among essential 
shortages are high surface roughness and cracks in the 
layer since as a result of machining roughness becomes so 
substantial that it constraints its use, while residual 
stresses induce cracks, rising layer brittleness and 
reducing its quality [3]. One of the methods is the laser 
treatment; where a laser beam is used for surface 
polishing, surface geometry formation, surface sealing or 
for homogenizing the chemical composition of the 
coatings deposited [4-7]. 
It is envisaged that the advantages of laser-treated electro-
spark coatings will include: 

 lower surface roughness, 
 lower porosity, 
 better adhesion to the substrate, 
 higher wear and seizure resistance, 
 higher fatigue strength due to the occurrence of 
compressive stresses on the surface, 

 higher resistance to the corrosion. 
The aim of this study was to determine how laser 
treatment affects certain properties of electrospark 
alloying VK20 coatings. The properties of the coatings 
after laser treatment were assessed based on following 
methods: microstructure analysis, microhardness tests and 
micro-X-ray spectrum analysis (MRSA). 
 
2. EXPERIMENT 
 
In the experiment, the coatings were electro-spark alloyed 
using a VK20 (80% WC and 20% Co) electrode with a 
cross-section of 3x4 mm – the anode – onto samples made 
of carbon steel C45 – the cathode. The chemical 
composition of carbon steel 45 is presented in Table 1. 
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Table 1. Chemical composition of carbon steel 45 
 

Elements C Mn Si P S 
Content, % 0.45 0.70 0.30 0.04 0.04 

 
The setup AFI-46A on stationary mode RIII-33 A/J was 
used in experiment for electro-spark alloying. 
Then, the coatings were treated with an CO2 laser 
(continuous wave), model “Kometa-2”. The samples with 
electrospark alloyed coatings were laser-modified with 
the following parameters: 

 laser spot diameter: d = 1 mm, 
 laser power: P = 1 kW, 
 beam velocity: v = 100…500 mm/min, 
 nozzle-workpiece distance: h = 12 mm. 

 
3. RESULTS AND DISCUSSION 
 
3.1. Analysis of coating morphology 
 

Analysis of coating morphology was conducted for VK20 
coatings after laser treatment using a scanning electron 
microscope MKI-2M-1. From reference [4] we know that 
the thickness of the electrospark alloyed layers was 20 to 
30 µm, whereas the heat affected zone (HAZ) ranged 
approximately 15 to 20 µm into the substrate. There is a 
clear boundary between the coating and the substrate, 
where pores within microcracks are observed. The 
electrospark alloyed VK20 coatings was modified by 
laser beam, which caused their composition changes. The 
laser treatment leads to the homogenization of the coating 
chemical composition, structure refinement, and 
crystallization of supersaturated phases due to the 
occurrence of temperature gradients and high cooling rate. 
The laser-modified outer layer does not possess 
microcracks or pores (Fig. 1). There was no discontinuity 
of the coating-substrate boundary. The thickness of the 
laser-treated VK20 coatings was in the range of 300 to 
400 µm. Moreover, the Heat-Affected Zone (HAZ) was in 
the range of 200 to 250 µm, and the content of carbon in 
the zone was higher. 
 

 
 

Fig.1. Microstructure in the electrospark alloyed VK20 
coating after treatment with a CO2 laser with beam 

velocity 300 mm/min 

Figure 2 shows a selected view of the relationship 
between thickness of the laser-treated coatings and laser 
beam velocity. It was observed that thickness of the 
coatings is in reciprocal proportion with laser beam 
velocity. 
 

 
 
Fig.2. Relationship between thickness of the laser-treated 

coatings and laser beam velocity 
 

3.2. Microhardness test 
 

A microhardness test was conducted for VK20 coatings 
before and after laser treatment using the device PMT-3 
model. It was carried out by indentation the tetrahedral 
diamond pyramid with the apex angle 136º in the 
specimens. The artificial load is 0,49 N. The cross-
sections of the metallographic specimens were done 
parallel in three zones to the: coating, fusion zone, and 
HAZ. The original material was also tested. In Fig. 3 the 
microhardness test results concerning the VK20 coatings 
before and after treatment are presented. The electrospark 
alloying process caused some changes in the material. 
 

 
 

Fig.3. Results of microhardness measurements 
 
The average microhardness of the substrate after ESA and 
after combined treatment (ESA+laser) was 2730 MPa, 
which was the same as the initial state. The microhardness 
increase was achieved by deposited VK20 coating via 
ESA method. The microhardness was higher than 
substrate material. The average microhardness of the 
VK20 coating was 7130 MPa. It was characterized by 
260% increase compared to the substrate material. In fig.3 
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we can note that the HAZ microhardness after laser 
treatment not depepends on the beam velocity. The 
average HAZ microhardness after laser treatment was 
5540 MPa which was increased by 200% in relation to the 
substrate material. The greatest value of microhardness of 
VK20 coatings (11000 MPa) was reached by the 
subsequent laser treatment with the beam velocity 
500 mm/min. It was increased by 400% in relation to the 
substrate material. 
In Figure 4 the relationship between average 
microhardness of laser-treated VK20 coatings and laser 
beam velocity is presented. From results obtained, it is 
clear that microhardness of laser-treated VK20 coatings is 
in directly proportional dependence with laser beam 
velocity. 

 

 
 

Fig.4. Relationship between average microhardness of 
laser-treated VK20 coatings and laser beam velocity 

 
 

3.3. Microstructure analysis 
 

A microstructure analysis was conducted for VK20 coatings 
after laser treatment by method of scanning electron 
microscopy (SEM) with a high resolution using the 
microscope «Mira» (Great Britain) with detector of 
secondary electrons (SE) and back secondary electrons 
(BSE) and by micro-R-spectrum analysis. 
In reference [4], there is no uniform distribution of elements 
in the hardened layer. It is possible to distinguish zones with 
considerable amounts of W, Co, and Fe. Moreover, in the 
diagram of the linear distribution of the ESA coating, one can 
notice the traces of diffusive interaction between the coating 
and the substrate. In the coating, there is no clear segregation 
of components. As can be seen from the diagram of linear 
distribution, the content of carbon in the electrospark alloying 
coating is higher. It is an example of up-hill diffusion, which 
involves carbon traveling from the substrate material into the 
electrospark alloying outer layer, this being a result of a 
thermal interaction [4-7]. 
The melting and solidifying processes during laser treatment 
resulted in the migration of elements across the coating-
substrate interface. Laser radiation caused intensive 
convective flow of the liquid material in the pool and, in 
consequence, the homogenization of the chemical 
composition (Figs. 8).  
Laser treatment led to the structure refinement and highly 
saturated phase crystallization because of considerable 
gradients of temperature and high cooling rates (Figs. 5, 6 and 
7). 

 
 

Fig.5. Microstructure of the VK20 coating after laser 
treatment with the beam velocity 100 mm/min 

 

 
 

Fig.6. Microstructure of the VK20 coating after laser 
treatment with the beam velocity 300 mm/min 

 

 
 

Fig.7. Microstructure of the VK20 coating after laser 
treatment with the beam velocity 500 mm/min 
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Fig.8. Distribution of the elements (Fe, Co,W) on the 
depth of the laser-hardened VK20 coating 

 
4. CONCLUSION 
 
After the tests, the following conclusions were drawn: 

 By applying a focused laser beam, one can modify the 
state of the outer layer of an electrospark alloying 
coating and, therefore, affect the coating surface 
properties. 

 The laser treatment causes the electrospark alloying 
coatings to melt and then solidify; we observe the 
refinement of structure and disappearance of 
microcracks. 

 The thickness of the laser-treated VK20 coatings was 
in the range of 300 to 400 µm. The HAZ was in the 
range of 200 to 250 µm. The content of carbon in the 
zone was higher. 

 The thickness of the coatings is in reciprocal 
proportion with laser beam velocity. 

 The microhardness of laser-treated VK20 coatings is 
in directly proportional dependence with laser beam 
velocity. 
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Abstract: In case of elastomer-plastomer couple in dry 
sliding, found for instance in linear pneumatic drives with 
polymeric rod and dry sealing system, the wear evolution 
is influenced both by the couple materials and by the 
working conditions, mainly by the sliding speed. 
Experiments performed by the authors, for a large range 
of sliding speed, shown that different materials offers best 
performances, meaning lowest wear rate and 
corresponding longest seal life, at different sliding speed 
values. The paper presents an investigation on wear 
evolution in dry sliding for three polymeric materials 
against silicone rubber. As investigation methods, mass-
loss monitoring, optical analysis and EDX analysis were 
used. The research results can be used for an optimized 
design of linear pneumatic drives with polymeric rod and 
dry seal. 
 
Key words: elastomer-plastomer wear, dry sliding 
 
 
1. INTRODUCTION 
 
In order to build totally environmental friendly pneumatic 
drives, polymeric rods and dry sealing systems stand as an 
option. On one hand, lower moving masses leads to lower 
inertia forces, on the other hand high friction forces are 
developed between rod and lip seal.  
Even the lack of the lubricant in the sealing system leads 
to high friction forces and high wear rate, in some 
situations, like actuators case, also leads to more precise 
movement control. 
In certain conditions on the rod is developed a transferred 
layer from lip-seal material [1]. This layer acts both as a 
lubricant and as a sealant, leading to the improvement of 
the sealing system performances [2]. 
Even in transferred layer presence, the wear processes are 
acting, leading to constantly degradation of the sealing 
system components [3]. An appropriate material choosing 

may provide improved performances of the sealing 
system and an optimized maintenance scheduling. 
The pneumatic drives with polymeric rods working on dry 
sealing systems being a new option, the available design 
information covers only mechanical aspects [4].  
Present work is focused on the wear processes and their 
evolution during the service lifetime of the drive. 
The conclusions obtained after experimental results' 
analyze stands as useful information in order to design 
more reliable and efficient linear pneumatic drives. 
 
2. TESTING METHODOLOGY AND 

MATERIALS 
 
In order to analyze the evolution of wear in dry polimer-
elastomer sealing, three polymers for rods and silicone 
rubber for lip-seal were chosen. Preliminary tests shown 
that, due to large heat quantity generated by dry friction, 
the lip-seal - rod contact temperature reach values, 
silicone rubber being the best choice. 
The tests were performed on a test rig, simulating the real 
working conditions of a linear pneumatic drive. 
During the tests, the rod and lip-seal masses were 
recorded allowing computing, as difference between worn 
item mass (rod, lip-seal) and the new one, the "mass loss" 
considered as wearing estimation parameter [5]. 
The involvement of transferred material layer in wearing 
process was analyzed by optical microscopy and energy 
dispersive X-ray analysis (EDX) [6]. 
Optical investigations on worn surfaces were also 
performed, in order to establish the evolution of wearing 
processes, based on 3D reconstruction methods [7]. 
Also were recorded the rod-lip contact temperature and 
friction force evolution in sealing system. 
As tested material couples were chosen 8 mm diameter 
rods made by PA6, POM and PEEK polymers against 
silicone rubber lip seal.  
Some preliminary testing was performed for sliding speed 
maximum value establishing, in order to keep the 
materials in prescribed thermal domain, table 1.  
 
Table 1. Materials and testing conditions 
 

Rod 
material

Maximum working 
temperature 

[°C] 

Maximum 
sliding speed 
[stroke/min] 

PA6 

POM 

PEEK 

160 

140 

310 

418 

365 

472 

 
3. RESULTS AND DISCUSSION 
 
During experiments two type of wearing conditions were 
observed. First is when the thermal condition are not 
optimal for the fully development of the transferred 
material layer, this one being thin and fragile. In this case, 
the layer can be easily broken by hard debris (silica 
particles detached from lip or/and rod wear products) and 
the abrasive wear of the rod's surface is present, figure 1. 
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a) 
 

 
b) 

 
Fig.1. Un-optimal developed transferred material layer 

a) top view; b) 3D reconstruction 
 
After penetrating the transferred layer, the hard debris 
performs an abrasive action on rod surface, displacing the 
material and leaving long scars, figure 2. 
 

 
 

Fig.2. Abrasive action of hard debris on rod's surface - 
3D reconstruction 

 
The second type of wearing is when the thermal 
conditions allow optimal development of the transferred 
material layer figure 3. In this case, the layer is enough 
thick to protect the rod surface by embedding he hard 
debris, minimizing this way the abrasive wearing 
processes. Also, the transferred material covers the 
abrasion scars, standing this way as a sealant and leading 
to an improvement of sealing system efficiency. 
The slowing down of wear processes due to the 
transferred material layer development, which acts as a 
lubricant, was observed in certain speed domains, for each 
tested material.  

 
 

Fig.3. Optimal developed transferred material layer 
embedding hard debris - 3D reconstruction 

 
Because the layer's optimal development is dependent 
both by rod material and thermal conditions, the wear 
evolution is different following the sliding speed value. 
In figures 4-6 are presented the wear versus sliding speed 
dependencies for tested materials. 
 

 
 

Fig.4. Wear evolution for PA6 rod 
 

 
 

Fig.5. Wear evolution for PEEK rod 
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Fig.6. Wear evolution for POM rod 
 

Looking to figures 4-6 it is obvious that, for all materials, 
the lip-seals show a positive wear value - during the 
working life of the sealing system the lip mass is 
decreasing, due to wear processes. 
For rods, a different behaviour can be observed: the POM 
rods show a positive mass loss but the PA6 and PEEK 
rods show a negative wear - the worn rods have bigger 
mass than the new ones. 
In PA6 case, figure 4, the wear of lip-seal show increasing 
values in low and high speed domains, while around the 
sliding speed value of 250-300 strokes/min, the wear is 
minim. This is the speed domain were the optimal 
conditions for transferred material layer are encountered. 
Both the rod and the lip-seal are protected and the wear 
processes are slowed down.  
The rod mass increase is due to the lip material attached 
to the rod surface during the transferred layer 
development. If the optimal conditions are not 
encountered, the layer is not continuous (figure 1), the 
lubrication effect is not present and worn material from 
lip is attached to the rod. 
PEEK shows (figure 5) a maximum of wear processes in 
low speed domain (200-250 strokes/min). Here the 
conditions for transferred material layer development are 
not optimal, as consequence the lip-seal lose weight. As 
the speed value is increasing, the layer became continuous 
and the lip wear is decreasing 
The rod shows a mass increasing, due to the attached lip 
material, with a maximum value in speed domain 
corresponding to lip highest wear. 
In POM case, a totally different wear evolution was 
observed. 
The rod shows a minimal positive mass loss value in low 
speed domain and a maximal (also positive) in high speed 
domain. The pass between these two values is found in a 
very tight speed domain (230-260 strokes/min), the 
corresponding graphical representation being step shaped, 
figure 6. 
The lip-seal mass loss is higher in low speed domain and 
constantly decreases to the higher speeds. The high wear 
of the rod at high sliding speeds leads to lip's wear 
decreasing due to the loss of sealing tightness.  
In order to a closely investigation of the different 
behaviour of POM rods comparing with the PA6 and 

PEEK ones, an EDX analysis was performed on both new 
and worn rods. In figures 7-9 are presented the obtained 
results. 

 

              
New                             Worn 

 
Fig.7. EDX analysis for PA6 rod 

 

                     
New                                 Worn 

 
Fig.8. EDX analysis for PEEK rod 

 

           
New                               Worn 

 
Fig.9. EDX analysis for POM rod 

 
Looking into figures 7-9 a comparison between new and 
worn rod materials can be made. It is obvious that, in case 
of PA6 and PEEK, the Si content after the wearing is 
much higher than in POM case. 
Taking into account that Si is the main component of lip-
seal material, can be concluded that in POM rods case the 
debris resulted during the wearing process contain also 
rod material. As consequence, the POM rods' mass is 
decreasing. This can be proven by measuring the POM 
worn rod diameter, figure 10. 
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Fig.10. Worn POM rod 
 

Regarding the lip-seal wearing, the mass losses have 
always positive values (figures 4-6). The lip material is 
detached under adhesion processes, layered on rod surface 
and eventually expulsed as debris, figure 11. 
 

 
 

Fig.11. Worn lip-seal 
 

The final effect of rod and lip-seal wearing is the loss of 
the sealing system efficiency, leading to unacceptable air 
leakages.  
 
4. CONCLUSIONS 
 
The analysis of obtained results allowed drawing some 
conclusion on wear processes evolution in elastomer-
plastomer couple based sealing systems in dry sliding: 

 Mass loss measuring and optical 3D reconstruction 
can be used for wear evolution investigation. 

 The elastomer-plastomer couple based sealing system 
failure is due to abrasive wearing processes. 

 During the system functioning, a transfer of the lip-
seal material to rod surface occurs. If appropriate 
thermal conditions are encountered, the layer 
development allows the slowing down the wearing 
processes. 

 The lip-seal wear is always positive, due to the 
material transfer to rod surface. 

 Following the mechanical and chemical properties of 
the material, which are influencing the adhesion 
processes between rod and lip materials, the rod's 
wear can be either positive (lose of mass - in POM 
case), either negative (gain of mass - in PA6 and 
PEEK case). 

 As the experimental test shown, in low speed domain 
the best performances are offered by POM, in medium 
speed domain the most appropriate is PA6 and at high 
speeds the PEEK is recommended. 
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Abstract: This paper presents the influence of the 
polytetrafluoroethylene (PTFE) concentration in 
polybuthylene terephtalate (PBT) on the mechanical 
properties extracted from stress-relative deformation 
curves. The results may be useful for further simulations 
for reducing design time and increase the accuracy of 
mechanical behavior prediction. 
 
Key words: polymeric blends, PTFE, PBT, mechanical 
properties 
 
 
1. INTRODUCTION 
 
It is a basic problem with apparent tests that the result will 
vary with test piece geometry and test conditions and it 
may not be easy to extrapolate to different conditions [4]. 
The short-term tensile characteristics of a material are 
probably the most commonly derived of all the properties 
that can be determined. Even if there are many standards 
relating to short-term tensile testing (the most significant 
of these will be discussed later), they all endeavour to 
quantify a number of specific characteristics which relate 
to the strength and deformation of a material. Knowledge 
of these characteristics can supply the specialists and the 
designers with the potential performances of a material 
and a reliable basis of comparing materials [4]. 
The term ‘short term mechanical tests’ is used as a 
convenience to describe mechanical properties where the 
effects of long times and cycling are ignored. The term 
‘static stress strain tests’ is used similarly, although quasi-
static might be more appropriate. This group of tests 
includes hardness, tensile, compression, shear, flexing, 
impact and tear. The material properties require to be 
rated for generating design data, for quality controlling, 
for predicting their durability and, unfortunately but 
necessarily for investigating failures. The polymers have a 
complex behaviour, thus, more than any material, they 

have to be evaluated in a useful way by particular or 
adequately adapted method [4]. 
The competitiveness on the free market imposes a 
sensitive balance between costs and results of material 
testing. Unfortunately, polymeric materials are non-linear 
and consequently their stress-strain characteristic is not as 
linear and hence their modulus is not a constant [3-5]. 
The use of PBT as an engineering material is more a 
consequence of a balance of good properties rather than 
of a few outstanding ones. It does not possess the 
toughness of polycarbonate (PC), the abrasion resistance 
of an aliphatic polyamide, the heat resistance of a 
polysulphone, polyketone or poly(pheny1ene sulphide) 
(PPS) or the low water absorption of a modified poly(p-
phenylene oxide) (PPO). As it is a polyester, there will be 
a substantial number of common chemicals that will 
either attack it or cause swelling, particularly above the 
glass transition temperature. 
However, PBT shows a good balance of properties and 
when it is suitably modified by, for example, glass fibre 
or fire retardants, some very useful compounds can be 
produced. The particular characteristics pointed out by the 
suppliers [10, 12] include: 

 high softening temperatures (especially for composites 
with glass or carbon fibres, challenging the use of 
polycarbonates and modified PPOs); 

 high rigidity, some filled grades having a flexural 
modulus of 11000 MPa, a value only exceeded by PPS 
amongst the engineering thermoplastics; 

 good electrical insulation properties with exceptional 
tracking resistance for an engineering thermoplastic as 
compared to PC, modified PPOs, PPS and the 
polyether imides; 

 low friction and good abrasion resistance; 
 good impact strength at low temperatures and 
excellent creep rupture strength; 

 low water absorption and good chemical resistance, 
including resistance to stress cracking; 

 good dimensional stability, a consequence of the low 
water absorption but also because of a low coefficient 
of thermal expansion; 

 good mouldability, with easy flow and rapid setting. 
A large number of PBT grades is available, including 
unreinforced, glass- and carbon-fibre reinforced, mineral 
filler reinforced, impact modified, elastomer modified, 
flame retardant and various combinations of the foregoing 
[3, 5, 10, 12]. 
Recent research reported mechanical behavior of blends 
involving PBT and other polymer, like PC [2, 5, 9], PE 
[5] or elastomers: ABS [5]. There has also been active 
interest in blends of PBT with other polymers. These 
include blends with poly(methyl methacrylate) (PMMA) 
and polyether-ester rubbers and blends with a 
silicone/polycarbonate block copolymer. 
Blends of PBT with polycarbonates have been widely 
used for car bumpers. Interest in PBT/PET blends and 
PBT/ASA has arisen because of the good surface finish 
possible even with glass-reinforced grades. Copolyesters 
based on PBT but with some longer chain diol or acid are 
also now produced. 
A similar interest was noticed for describing and 
explaining the mechanical properties of PBT composites 
[1, 6, 7]. 
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2. MATERIALS AND TESTING 
METHODOLOGY 

 
Samples were obtained by extruding the mixtures of 
granulated PBT and of PTFE powder (Table 1), at ICEFS 
Savinesti, Romania. Each polymer had been dried up at a 
temperature of 100ºC within two hours. There were 
obtained bone samples with the geometry and dimensions 
given in Figure 1 and a thermal treatment was applied to 
the bone samples, as recommended by the producer [11]. 
 
 

 
 

Fig.1. The bone sample Type 1A ISO 527-2 
 
 

In many cases, the laboratory testing is limited by the 
amount of material available, there may be only one 
product or batch to be evaluated and its significance in 
terms of the population is simply not known. It is still 
necessary to ensure that the test pieces taken represent the 
sample properly, for example considering the direction of 
test pieces relative to the axes of the sheet and 
randomisation of their position in the sheet if the sheet 
cannot be guaranteed homogeneous and isotropic [4]. 
 
Table 1. Tested material 
 

Material 
symbol Composition (wt) 

PBT neat polymer, grade Crastin 6130 NC010 [10]

PF5 5% PTFE 

PF10 10% PTFE 

PF15 15% PTFE 

PTFE grade Flontech®  
NFF FT-1-1T 

average particles' size 20.0 µm  

 
The initial distance between the gauge marks on the 
central part of the test specimen was of 115 mm, the rate 
of separation of the grips of the testing machine during 
test 5 mm/min (the speed of testing) and the it was 
calculated the tensile Stress (engineering), that is the 
tensile force per unit area of the original cross section 
within the gauge length, carried by the specimen at any 
given moment. 
A minimum of 5 test pieces are required by ISO 527-1 for 
each direction tested and if different speeds are used for 
modulus and ultimate strength then separate sets of test 
pieces will be needed. The shape and size of test pieces is 
specified in ISO 527 Parts 2-5 and is depending on the 
material being tested, here being selected specimens of 
type 1A (for mold samples). 

The here-presented results include data for at least 5 
tensile tests and it was calculated the average value for 
each mechanical characteristics and there also were 
presented the scattering intervals for each one. Stress was 
calculated with reference to the initial values of the cross 
section, thus, there are given the engineering stress-strain 
curves for each material.  
 

    
 

a) PBT                               b) PF5 
 

    
 

c) PF10                           d) PF15 
 

Fig.2. A set of five samples after being tested, for each 
type of material 

 
Figure 2 presents the sets of five specimens taking into 
account for rating the mechanical characteristics. One 
may notice the different aspect between the PBT 
specimens and those made of PBT+PTFE blends. There 
were noticed PTFE agglomerations for several specimens 
(see specimen no. 2 for PF5, specimen 6 for PF10 and 
specimen no. 3 for PF15), revealing the fact that the 
dispersion of PTFE in PBT has to be improved in order to 
obtained data in narrower ranges. 
 
3. RESULTS AND DISCUSSIONS 
 
The results of the tensile tests are given in Figure 3 in 
stress-strain coordinates. Analysing the curves for PBT 
(Fig. 3a), this polymer could be included in tough 
materials with a yield stress lower than the failure stress 
[4], but the blends could be included in the group of tough 
materials with a yield stress greater than the failure stress 
(Fig. 3b, c and d). 
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Fig.3. Data from the experimental tests (left) and mathematical models (right) 
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Table 2. Data upon the mathematical models attached to the experimental data 
 

Material 
symbol Relation Correlation 

coefficient 
Standard error 
about the line 

y = –0.741 + 50.492 x + 57.331 x2 – 124.096 x3 + 89.270 x4 –  
– 34.749 x5 + 8.185 x6 – 1.201 x7 + 0.107 x8 – 0.005 x9 + 0.0001 x10 0.999 0.376 

PBT 

d

d

xb
xcbay

+
⋅+⋅

=      (Fig. 4) 

a =2.886,     b =0.1674,      c =50.597,     d =2.255 
0.996 0.667 

PF5 y = –0.237 + 21.94 x – 2.119 x2 0.999 0.210 

PF10 y = 0.0384 + 24.092 x – 2.518 x2 0.999 0.22 

PF15 y = 11.886 + 829.989 x + 82.589 x2 0.999 0.301 

 

 
 

Fig.4. Another mathematical model for the stress-strain 
curve for PBT 

 
Taking into account the obtained average values, it seems 
that adding PTFE in PBT does not affect too much the 
Young modulus. Except the concentration of 10% PTFE, 
that exhibited a higher average value (with 14%), the 
other two tested blends have this mechanical 
characteristics close to the neat polymer (Fig. 5). 
The tensile stress at break presents the same tendency, but 
this time, the average value for PF10 was lower with 
9.5% (Fig. 6). The average values for PF10 seems to be 
“out the line” suggested in both figures maybe because of 
the poor quality of PTFE dispersion. 
The elongation at break (εr) reveals an expected tendency 
of a minimum for a certain PTFE concentration (here at 
10% PTFE) and then an increase as the concentration of 
the softer polymer also increases (Fig. 7). It is good to 
remind that 100% PTFE has a value of the same 
characteristics of 200% or even more. 
Table 2 presents mathematical models for the tested 
materials, as computed using a mathematical modelling 
soft. It is important to underline that the selected functions 

have no physical meanings, the only purpose being to 
obtain curves easy to be used in finite element 
simulations.  
The most difficult was to select one for PBT (see Figs. 3a 
and 4) and not for the blends with PTFE. 
The stress-strain curves for the polymeric blends are well 
modelled with a 2nd order polynomial curve, with 
different coefficients, depending on the PTFE 
concentration.  
But PBT curve was well approximate with the help of a 
10th order polynom. 
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Fig.5. Young’s Modulus of PBT/PTFE blends 
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Fig.6. Stress at Break of PBT/PTFE blends 
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Fig.7. Elongation at break of PBT/PTFE blends 
 
Even if the 10th order curve describes better the stress-
strain behaviour of PBT, it is difficult to use it in a finite 
element analysis. Therefore, in Table 2, there is presented 
another mathematical model for this polymer, model that 
is more suitable for simulation stresses and strain in parts 
made of such a material. 
A similar modification of the stress-strain dependency 
was obtained by Gomez [8] in composites PBT + carbon 
nanofibres, even if the adding material (carbon 
nanofibres) was much harder than a polymer, with a 
tensile limit σr. 
 
4. CONCLUSION 
 
Taking into account the experimental results presented in 
Figures 5-7, the following conclusions could be drawn. 
Adding PTFE does not radically influence the elasticity 
modulus (it has a slight tendency of decreasing with 5%).  
The break elongation decreases with almost 60% for all 
the tested polymeric blends as compared to the average 
value obtained for PBT. 
The tensile stress at break, σr, is decreased with 25% only 
for PBT+10% PTFE blend. For the other two blends, a 
slight increase was obtained. This characteristic is almost 
insensitive to the PTFE content. 
The average tensile strain at break (εr) is lowered for the 
PBT+PTFE blends, being 2.5 times smaller than that of 
PBT. 
The authors proposed several mathematical models that 
could be used in a finite element analysis. Of course, one 
of the two models proposed for PBT (the 10th order 
polynomial curve) is only an example that could be 
simplified in order to make easier the simulation. 
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UNSATURATED POLYESTER RESINS. 
PROPERTIES AND USES IN PRODUCT 

DESIGN 
 

Gheorghe Radu Emil MĂRIEŞ 
 
 

Abstract: Unsaturated polyester resins (UPR) are the 
most frequently used resins in obtaining organic matrix 
composite materials. This type of resins is almost 
exclusively used in the fabrication of glass fibre-
reinforced polyester (GRP) composites. The advantages 
of UPR are:  
- good rigidity, 
- dimensional stability, 
- good wetting capacity of the reinforcing 

fibres/fabrics, 
- translucent materials, 
- easy processing through low pressure cold forming, 
- excellent electrical insulators, 
- good chemical resistance, 
- low cost of standard resins, 
- chemical resistance to hydrocarbons (diesel fuel, 

gasoline) at ambient temperature. 
Due to their low price and outstanding properties, 
unsaturated polyester resins are widely considered when 
designing products for various activity fields: 
constructions, transportation, home appliance and 
electronics industry, nautical and sports equipment, wind 
turbines, reservoirs and tanks, pipes and lines, etc.  
 
Key words: unsaturated polyester resins, UPR, 
properties, applications 
 
 
1. INTRODUCTION 

Unsaturated polyester resins (UPR) are the most 
frequently used resins in obtaining composite materials. 
This type of resins is almost exclusively used in the 
fabrication of glass fibre-reinforced composite materials 
[1,2,3,4,5,6,7,8,9,18]. 
Unsaturated polyesters (UP) were created in 1936 by 
Carleton Ellis and their industrial application started in 
the U.S.A at U.S. Rubber in 1942. [10]. 1946 marked the 
beginning of the UP laminate production in the U.S.A. 

Mainly after 1950, the industrial production of 
unsaturated polyesters and UPR-reinforced composite 
materials developed rapidly [2,11,12]. 
According to the present meaning, unsaturated polyesters 
are either fluid or solid homogeneous materials which 
contain a double bonded C=C linear polyester 
(aprox.70%, unsaturated linear polyester resin) and a 
monomer (aprox.30%). They are intermediate products 
which have to undergo a copolymerization process in 
order to become an insoluble and infusible end product. 
Through their main component – i.e., the unsaturated 
linear polyester resin – these materials are included in the 
category of macromolecular compounds resulted from the 
polycondensation of dicarboxylic acids and diols. The 
double bonds in the chain may belong either to the acid or 
to the diol which takes part in the polycondensation 
process. In a simplified manner, unsaturated linear 
polyester, with an acid-originating unsaturation – the most 
common case in practice – may be represented as follows: 

1R O C

O

C

2R

C

3R

C

O

O 1R O  

where: 
R1 – the rest of the diol, 
R2, R3 – the substitutes of the acid double bond. 

These polyesters homopolymerise with difficulty under 
the influence of radicals, are easily saponifiable and 
display unsatisfying mechanical properties. Adding an 
unsaturated monomer, for instance styrene or methyl 
methacrylate, determines, under the influence of radicals, 
a copolymerisation process between the double bonds of 
the unsaturated linear polyester resin and those of the 
monomer; this results in a polymer with great chemical, 
physical and mechanical properties applicable in various 
fields.  
Ever since their development on an industrial level, 
polyester resins have been used in many fields, such as 
film-forming agents, pourable sealing compounds, 
laminates, press plates, putty, dressings, adhesives, 
cellular materials etc.  

2. RAW MATERIALS 

The many uses of unsaturated polyesters entail the 
synthesis of resins whose properties cover a wide area or 
are specifically designed for one purpose. This is 
accomplished mainly through the proper selection of the 
raw materials employed in the synthesis of the condensate 
and the reticulation monomers.  

2.1. Raw materials for the unsaturated linear 
polyester 

The unsaturated linear polyester or the unsaturated linear 
polyester resin is obtained through the polycondensation 
of saturated and unsaturated dicarboxylic acids and diols 
or their reactive derivatives such as anhydrides and 
epoxides.  
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2.2. Monomers 
If the linear polyester resin synthesis is based on a 
polycondensation reaction, its hardening is obtained 
through a copolymerisation process with a reactive 
monomer. The monomer influences the properties of the 
end product in the same way as the linear polyester does 
and therefore it also influences the raw materials used in 
its synthesis. The ratio between the unsaturated linear 
polyester and the monomer is also very important because 
of its influence on the properties of the hardened 
unsaturated polyester. The monomers can be liquid (in 
which case so are the solvents of the unsaturated linear 
polyester) or solid.  
The general conditions a monomer must meet in order to 
be used in unsaturated polyester compositions are as 
follows: 

 it must be compatible to the unsaturated linear 
polyester; solid monomers must be compatible in 
molten state, 

 in order to ensure an adequate reticulation of 
unsaturated polyesters, it has to copolymerise well 
with unsaturated linear polyester, therefore the 
copolymerisation speed of the monomer must be at 
least equal to the homopolymerisation speed, 

 the monomer must not be too volatile in order to 
reduce production losses, 

 it must not be toxic, 
 the price of the monomer must be as low as possible, 
so that the end product is also inexpensive.  

One must stress out the idea that, in addition to single 
monomers, monomer mixtures which meet the above-
mentioned criteria can also be used.  
The most frequently used monomer types are the vinyl 
and allyl combinations.  

2.3. Auxiliary raw materials 
Inhibitors (inhibitors with constant activity, light-sensitive 
inhibitors and accelerating inhibitors) and 
copolymerisation initiating systems (peroxides, 
accelerators and promoters) are used as auxiliary raw 
materials.  

3. THE PROPERTIES OF UPR 
3.1. The properties of hardened unreinforced 

UPR 
Generally, unreinforced resin has the following 
properties: 

 density:  1.2·103 kg/m3 
 traction resistance: 50 – 70 MPa 
 flexion resistance: 90 – 100 MPa 
 modulus of elasticity E: 4000 MPa 
 elongation at break: 2% 
 shear resistance: 10 – 20 MPa 
 transparency 
 excellent electrical insulator 
 good chemical resistance to unoxidising acids, salt 
water, aliphatic hydrocarbons, alcohols 

 weak chemical resistance to chlorinated solvents, 
ketones, esters, oxidising acids, bases, hot water 

 high volume contraction of 8 – 10% at moulding (can 
be reduced by adding mica) 

 semi-rigid resins are less well adapted to long-term 
solicitations 

For further information on the properties of unreinforced 
UPR please refer to Table 1 in Section 6: Tables of the 
present paper.  

3.2. The properties of glass fibre-reinforced 
polyester resins 

(please refer to Table 2 in Section 6: Tables of the present 
paper) 

4. ADVANTAGES AND DISADVANTAGES 
OF UNSATURATED POLYESTER RESINS 

Advantages: 
 good rigidity, 
 dimensional stability, 
 good wetting capacity of reinforcing fibres/fabrics, 
 translucent materials, 
 easy processing through low pressure cold forming, 
 excellent electrical insulators, 
 good chemical resistance, 
 low cost of standard resins, 
 chemical resistance to hydrocarbons (diesel fuel, 
gasoline) at ambient temperature. 

Disadvantages: 
 rigid resins with low shock-resistance, 
 mediocre resistance at continuous temperature, max. 
120°C, 

 low resistance to bases and hydrocarbons at high 
temperatures, 

 inflammable materials (can be fireproofed by adding 
SbO3), 

 high contraction (8-10%), 
 poor behaviour in wet, hot environments  (vapours, 
hot water) with risk of hydrolysis  

 limited storage time 
 degradation in the presence of light because of UV 
radiation which breaks up the chains; they are 
protected with UV stabilisers.  

5. FIELDS OF USE  

Unsaturated polyesters can be used unreinforced or 
reinforced with various reinforcing agents (glass fibre). 
Unreinforced polyesters 
They can be used for: mastic putty, coloured or colourless 
varnish, putty, casting compositions, gelcoats.  
Glass fibre reinforced polyesters 
They are used in the following fields: 

• Constructions: 
 flat or corrugated plates, translucent or opaque profiles 
used for roofs or facade elements, 

 urban furniture, 
 phone booths, 
 mountain shelters and cabins, bungalows, 
 building site huts, 
 prefabricated pool materials, 
 signalling panels 

• Transportation: 
 auto body parts (bonnet, fender), 
 car bumpers, 
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 truck and tractor cabins, 
 utility truck bodies (refrigerated trucks), 
 sports car body panels. 

• Nautical and sports industry: 
 yachts, 
 sports boats, 
 nautical accessories (buoys, pontoons, oars), 
 cable cars, 
 fishing rods. 

• Reservoirs, tanks, pipes and lines: 
 liquid fertiliser tanks, 
 wine tanks and presses, 
 tanks for transporting liquid fertiliser, 

 silos (for pulverous materials, grains, feed, etc.). 
 marine containers,  
 pipes for sewage treatment plants, 
 septic tanks, 
 pipes for transporting chemical products.  

• Home appliances, electronic equipment and wind 
turbines: 
 insulators, 
 antennas, 
 PCB holders, 
 boxes, 
 insulated cabins, 
 propellers for wind turbines. 

6. TABLES 

Table 1. Properties of unreinforced UPR[2,9,13] 

Properties Units of 
measurement Rigid resin Semi-rigid resin Flexible resin 

Density 
Refractive index  
Viscosity 
Average gelification time 
Average hardening time  
Breakage force 
Elongation 
Modulus of elasticity 
(traction)  
Breakage force at flexion 
Modulus of elasticity 
(flexion) 
Compression resistance 
Shock resistance 
BARCOL hardness 
Maximum hardening 
temperature 
Volume resistivity 
Dielectric constant at: 

60 Hz 
103 Hz 
106 Hz  

Continuous temperature 
resistance   

Kg/m3 

 
Pa·s 
min 
min 
MPa 

% 
MPa 

 
MPa 
MPa 

 
MPa 
J/m 

 
ºC 

 
Ωcm 

 
 
 

 
ºC 
 

1.23 – 1.29·103 

1.523 – 1.57 
0.06 – 5 
4 – 7.5 

7.5 – 10.5 
50 – 62 

2 – 3 
2850 – 3450 

 
100 – 115 

3100 – 4000 
 

90 – 200 
16 – 32 

46 
210 – 230 

 
1015 

 
3.0 – 4.36 
2.8 – 5.2 
2.8 – 4.1 

120 

1.24·103 

1.54 
0,6 – 60 

5 – 7 
6 – 10 
45 – 68 
4 – 9 

2150 – 3000 
 

It does not break 
2600 – 3200 

 
- 
- 

30 
215 

 
1014 

 
 

 
 

120 
 

1.13 – 1.30·103 

1.51 – 1.54 
0.2 – 1.4 
5.5 – 9 
13 – 15 
5 – 18 

40 – 310 
570 – 1000 

 
It does not break 

- 
 

- 
>370 

- 
125 – 170 

 
1014 

 
4.4 – 8.1 
4.5 – 7.1 
4.1 – 5.9 

120 

   Table 2. Glass-fibre reinforced UPR [2] 

Properties Units of measurement Value 

Mechanical properties: 
- density 
- compression resistance 
- elongation 
- traction resistance 
- shock resistance 

 
Kg/m3 
MPa 

% 
MPa 
J/m 

 
1.35 – 2.30·103 

103 – 206 
0.5 – 5.0 

103 – 206 
107 - 1070 

Electrical properties: 
- Volume resistivity 
- Dielectric constant at: 
- 60 Hz 
- 103 Hz 
- 106 Hz 

 
Ωcm 

 
1014 

 
3.8 – 6.0 
4.0 – 6.0 
3.5 – 5.5 
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Properties Units of measurement Value 

Resistance characteristics: 
- thermal resistance 
- water absorption (in 24h) at a thickness 
of 3.1 mm 
- sun light effect 

 
ºC 
% 

 
149 

0.1 – 1.0 
 

unimportant 
 

7. CONCLUSIONS  

Due to their properties unsaturated polyester resins are 
used in the manufacture of products from various fields. 
Their properties are: 

 good rigidity, 
 dimensional stability, 
 good wetting capacity of the reinforcing fibres/fabrics, 
 translucent materials, 
 easy processing through low pressure cold forming, 
 excellent electrical insulators, 
 good chemical resistance, 
 low cost of standard resins, 
 chemical resistance to hydrocarbons (diesel fuel, 
gasoline) at ambient temperature. 

The main fields of use are: constructions, transportation, 
nautical and sports industry, home appliances, electronics, 
wind turbines, reservoirs and tanks, pipes and lines etc. 
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