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I. Antecedent of the investigation 

Because of the favourable frictional and wear behaviour, 
as well as the resistance against chemicals, rubbers are 
important materials in engineering, principally in the car and 
aircraft manufacturing industry as well as in the chemical 
industry. Several types of static and moving seals made of 
rubber, furthermore special conditions water lubricated sliding 
bearings can be made of rubber. The rubbers due to their high 
energy-absorbing ability and their sealing behaviour gaining 
their appreciation, despite the fact that their lifespan is not too 
long and in case of dry conditions the resistance against of 
wear are small. Over time, as the requirements of rubber 
components grew, so grew the demand for the tribological 
knowledge of rubbers. 

Because of the rubbers’ high elasticity and high internal 
friction, the rubbers’ friction is different from other material’s 
friction when they are sliding on rigid rough surface. 
The frictional behaviour is basically determined by the fact that 
the surface is dry or lubricated. In case of dry condition the 
friction has two reasons: the adhesion and hysteresis. 
The adhesion is significant only in case of very clean rubber 
surfaces. When the rubber is sliding on a rough surface the 
surface irregularities force the rubber to cyclic deformation, 
which leads to hysteresis losses. In case of lubricated 
conditions, the liquid film shearing also plays a role in the 
friction (Fig. 1). 

In my dissertation, sliding friction behaviour of rubber-
rough surface sliding pairs was investigated, with particular 
regard to the rubber (internal) hysteresis loss, in order to better 
understand the tribological behaviour, and with the help of this 
make it possible to design longer life time rubber components, 
working in wider operating conditions (temperature, sliding 
velocity). 
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Of course, for proper design of structural elements it is 
not enough to just concentrate on the hysteretic friction, but we 
must take into consideration the operation of all environmental 
factors and their impact on each other, which are not the aim of 
my dissertation. 

 
a.) 

 
b.) 

 
c.) 

Fig. 1. The three sources of rubber friction: a.) adhesion, b.) hysteresis, 
c.) lubricant film shearing 

II. The subject of the dissertation and its 
background in the national and 
international literature 

Internal loss or so called hysteresis is arisen in the rubber 
when it is sliding on rough surface, due to its viscoelastic 
material property. This phenomenon has caught the attention of 
many researchers and different experiments were carried out 
and theories have been developed to describe this behaviour. 
Modern measurements are essential for tribological researches 
and based on the measurements work out different dry and 
lubricated friction models. In the literature significant part of 
the researches bring into focus the determination of the rubber 
mechanical behaviour and with this background describe the 
friction and wear mechanisms of rubbers. 
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In a wide range of temperature and sliding speed first 
Grosch [Grosch, 1963] examined the rubber adhesion and 
hysteresis parts of friction and found that the friction changes 
due to the changes in temperature and sliding speed because of 
the viscoelastic material properties of the material. 
He presented that according to the Williams-Landel-Ferry 
equation, using the friction values for different temperatures, 
the master curve of the rubber friction in a wide range of speed 
can be constructed. 

Moore [Moore, 1972] summarized the basics of rubber 
friction. Persson dealt with the friction of rubber and 
developed number of theories for the calculation of hysteresis 
and adhesion components of rubber friction. Persson 
[Persson, 2001], examined the effect of the rough surface 
micro topography on hysteretic friction in case of rubber and 
asphalt sliding pairs. Despite the fact that each wavelength of 
the rough surface contributes to the hysteresis, on the basis of 
the investigations of Persson [Persson, 2004] it was concluded 
that wavelengths about 1 µm have significant effect on the 
hysteresis. Klüppel and Heinrich [Klüppel, 2000] presented a 
theory in which relation is shown between the friction force 
and the dissipated energy due to the hysteresis. Persson 
[Persson, 2002], examined the hysteresis friction and the 
changes of the contact area size between rubber and rigid rough 
surface. In the presented calculation procedure the input 
parameters were the complex Young modulus of viscoelastic 
material in the function of exciting frequency (which may 
come from a simple rheological model, or directly from the 
measurement results) and for characterizing the rough surface 
its power spectral density (PSD). Persson's theory is that the 
hysteresis is arisen inside the rubber and not far from the 
contact surface due to the cyclic deformation. Persson noted 
that the static friction is not constant, and depends on how long 
the two surfaces were pressed against each other. 
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The roughness of the counter surfaces was considered to the 
self-affine

1 and divided into macro- and micro levels by fractal 
analysis. It was found that the hysteresis can be related to the 
effect of the macro-roughness, while the size of the contact 
area is related to the micro level of roughness. Furthermore, 
Persson show connection between the load on the friction. 
Similar results were calculated by Klüppel and Le Gal 
[Le Gal, 2008], taking into consideration macro- and micro 
levels of the surface roughness, in case of dry and lubricated 
conditions with carbon black and silica filled S-SBR rubbers. 

Most investigations in the literature deal with empirical 
and analytical methods to describe the rubber and rigid rough 
surfaces frictional behaviour, while rarely can be found 
calculations made by modern numerical methods and most of 
them are investigating 2D case. For the investigation of the 
frictional behaviour of rubber and rough counter surfaces, 
advanced numerical methods are available, the most widely 
used of them is the finite element method. To calculate the 
hysteresis in the literature several complex analytical models 
can be found, which are rarely numerical calculations. 
The major disadvantages of them that they are based on 
commercial finite element systems and only up to 15-term 
Generalized Maxwell model is used, which parameters are 
fitted to the storage modulus to describe the viscoelastic rubber 
behaviour and do not care about the accuracy of the loss factor. 
It is important to note that the friction arising from hysteresis is 
determined by both the loss factor and the deformed volume of 
the rubber, therefore, it is essential to model that both the 
storage modulus and loss factor as accurate as possible. 
Of course, the numerical calculations can not replace all the 
measurements, however a well-constructed and experimentally 
verified numerical model (with good estimations, up to several 

                                                 
1 Self-affine surface, are the surface which built up from the same surface 
elements using different scaling. 
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parameter changes) can be prepared and the number of 
expensive tests can be significantly reduced. 

The measurement of hysteresis friction loss is not 
possible because we can not make a measurement 
configuration in which the absence of lubricant the adhesion 
does not occur between the contact surfaces or in case of 
lubricated conditions loss does not come from the shearing of 
the lubricant film. This leads to the statement that hysteresis 
can be calculated analytically only with certain neglections or 
it can be approximated numerically by taking advantage of 
today's modern numerical methods and the necessary software 
and hardware conditions. However, the verification of a 
numerical model some kind of comparative test results are 
needed. 

In my research 2D and 3D finite element models were 
created, in which the friction came from the macro and micro 
hysteresis may be taken into consideration in the function of 
the operating temperature and the sliding velocity. 
The viscoelastic behaviour of rubber is modelled by 
generalized Maxwell model to verify the material model 
DMTA measurements (dynamic mechanical thermal analysis) 
and stress relaxation measurement results were used. 
Investigating the material models I drew the attention to the 
important issues that the literature does not emphasize and in 
the absence of them it is possible that the modelling of rubber 
behaviour would be inaccurate. 
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III. Objectives 

Purpose of the investigation is to create finite element 
models, which estimate the hysteresis part of the friction arisen 
in the rubber when it is sliding on rough surface. With the 
modelling of hysteresis and the material laws used for these 
models I tried to answer the following questions: 

- How to describe in a finite element model the rubber’s 
non-linear, time- and temperature dependent material 
behaviour in a wide frequency range? 

- How large is the hysteresis, compared to other 
components of friction macro-, micro- and nano level in 
case of rubber sliding on a rough surface? 

- What are the typical parameters characterizing the 
friction, which can be obtained by experimental way, (for 
example using microtribometer) to verify the models? 
My dissertation’s aims are to model the hysteretic 

friction of rubber by finite element method in case of rubber 
sliding on rigid surface as well as to examine the usability of 
different material models for hysteresis prediction. With the 
help of an accurate model it is possible to conclude that in the 
working conditions (temperature, surface roughness, sliding 
speed) how large losses from hysteresis should be expected. 
Using the results of the models the number of experiments can 
be reduced, thus cost can be saved. 

In my work in order to verify the fitted material models 
the storage modulus vs. frequency and loss factor vs. frequency 
curves are used came from DMTA and stress relaxation 
measurements. The developed models for EPDM rubber 
sliding on rough surface sliding pairs were used which were 
verified by the measurements made by micro tribometer at the 
company TEKNIKER in Eibar. The investigations were made 
within the KRISTAL EU6 project, which aimed to learn, from 
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industrial examples, and to model frictional behaviour of 
rubber sliding on rough surface. 

IV. Test methods and the structure of the 
dissertation 

The finite element modelling of hysteretic friction is a 
complex task, specially in case of rubber and rough surface 
sliding pairs, because a complex sliding frictional contact 
problem should be solved, with non-linear and time and 
temperature dependent material properties. For the simulations 
the MSC.Marc 2005r3 and 2007r1 finite element software 
package’s ‘static’ module used. In the developed finite element 
models for describing the non-linear behaviour of rubber 
Mooney-Rivlin material law with 2 parameters was used 
combined with generalized Maxwell model because of the time 
and temperature dependent material properties of the material. 

At the first part of my dissertation the importance of the 
hysteretic type of friction was investigated in case of rubber 
sliding on rigid counter surface, then the main mechanical and 
tribological characteristics of rubber or rubber-like materials 
were reviewed, and then I presented my choice of test 
equipment and conditions of the measurements. 

In the first modelling part of my dissertation, the 
modelling possibilities of rubber-steel ball sliding friction was 
investigated. Exploring the possibilities of modelling, 
I considered that the rubber storage and loss moduli depend on 
several factors (temperature, excitation frequency, etc). 
I examined the DMTA (dynamic mechanical thermal analysis) 
properties, bearing in mind the rubber hysteresis losses. Several 
material models were used to implement the rubber material 
properties into finite element models; the calculations were 
compared to each other and to the measurements in order to 
establish the limits of usability of each material model. 
For modelling the rubber material behaviour DMTA and stress 
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relaxation measurements results were used. After this, the 
DMTA measurements and micro hardness measurements, 
independent from the measurement constructing the material 
law were simulated. The simulated loss factors showed a good 
agreement with the measurements. 

In the second modelling part of my dissertation, the 
internal loss generated by macro level of surface roughness, the 
so called macro hysteresis was investigated. A friction force 
was performed by a micro tribometer where the strain in the 
rubber was measured by smooth steel bearing ball, with 2 mm 
diameter. Using the results of measurement, in an indirect way, 
I determined the coefficient of friction portion coming from 
hysteresis and from other tribological effects (adhesion, 
lubricant film shearing) by finite element method. 
Subsequently, I presented a model, in which a wide range of 
sliding speed and temperature were considered, to determine 
the hysteretic friction bearing in mind the characteristics of 
material laws. The developed models take into consideration 
that the friction arising from hysteresis is determined not only 
by the loss factor, but also by the size of the deformed volume. 

In the third modelling part of my dissertation, a 2D finite 
element model has been developed which is able to estimate 
the hysteresis in the rubber in case of sliding on a rough 
surface. In the finite element model the rough surface of certain 
levels (macro, micro and nano) were substituted by sine waves, 
whose wavelength and amplitude have been identified by the 
PSD (power spectral density) analysis of the rough surface. 
With the help of the rough surface substituted by the sine 
waves the hysteresis can be simulated in case of rubber sliding 
on rough surface for different levels of roughness and it is 
possible to taken into consideration the temperature, sliding 
speed and how the rubber fill out the valleys of the roughness. 

The DMTA measurement was performed on a Gabo 
Eplexor 100N DMTA testing device (Fig. 2.a), at the Technical 
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University of Kaiserslautern, Institute for Composite Materials. 
The surface roughness measurement has been made by a Mahr 
Perthometer Concept type stylus instrument (Fig. 2.b) at the 
Óbuda University, Donát Bánki Faculty of Mechanical 
Engineering and Security Technology. The AFM (atomic force 
microscope), surface roughness measurement (Fig. 2.c) was 
performed at the Budapest Chemical Research Centre, 
Department of Surface Modifications and Nanostructures. 
The rubber ball sliding test where the friction force was 
measured, has been made by a CSM micro tibometer at the 
company TEKNIKER in Spain (Fig. 2.d). 



10 

 

 

 
a.) 

 
b.) 

 
c.) 

 

 

 

 
d.) 

Fig. 2. a.) Gabo Eplexor 100N DMTA measuring device 
(Technical University Kaiserslautern, Institute for Composite 

Materials, Kaiserslautern, Germany), 
b.) Mahr Perthometer Concept stylus instrument (Óbuda University, 

Donát Bánki Faculty of Mechanical Engineering and Security 
Technology, Budapest), 

c.) AFM surface roughness measuring device 
(Budapest Chemical Research Centre, Department of Surface 

Modifications and Nanostructures) 
d.) CSM micro tribometer (TEKNIKER, Eibar, Spain) 
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V. Theses 

1. The material model used for hysteresis modelling 
Using generalized Maxwell models in the finite 
element method the internal loss, i.e. the hysteresis of 
EPDM rubber 75° IRH can be modelled, in a wide 
frequency range (covering 20 orders of magnitude). 

1.a) I found that using the generalized Maxwell model 
fitted (based on genetic algorithm) to the storage 
modulus (by ViscoData software) with a small 
number of terms (less than 15-terms) the internal loss 
of rubber can be modelled only in a small frequency 
range (covering up to 10 orders of magnitude) 
because of the fitted material model’s large oscillation 
in the loss factor curve in wide frequency range. 
The oscillation may be reduced by increasing the 
terms of the generalized Maxwell model. 

1.b) In the lower frequency range, the 40-term generalized 
Maxwell model fitted to the storage modulus by 
software ViscoData the, underestimates the loss factor 
so the calculated hysteresis can be considered an 
underestimated value, while modifying the former 
model and fitting it to the loss factor, the storage 
modulus becomes a little over estimated, thus the 
calculated hysteresis can be considered as an upper 
estimation. According to the way of fitting the 
40-term generalized Maxwell model, the estimated 
hysteresis, can be limited between lower and upper 
limits. For the accurate modelling of hysteresis one 
must be convinced that the storage modulus vs. 
frequency and loss factor vs. frequency curves show a 
good agreement between the fitted measured material 
model and measurement. 
Related publications: [2], [3], [4], [5], [6], [11], [13] 

and [15]. 
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In the literature, in case of numerical approach the 
researchers usually use 10- or 15-term generalized Maxwell 
models for modelling the internal loss of rubber. In the pre-
processor part of commercial finite element software packages 
(such as MSC.Marc, Abaqus, etc.) for characterizing the 
viscoelastic properties of rubbers, usually 10- to 15-term 
generalized Maxwell models are available. Furthermore, the 
user guide of ViscoData software (used for fitting the Maxwell 
model) did not contain information about the minimum number 
of Maxwell terms to ensure the quality of the created Maxwell 
models. The checking of the fitted material model usually 
covers the match between fitted and measured storage modulus 
master curve, but no literature can be found, where the 
frequency dependence of loss factor can be checked. I found it 
important to examine whether is it possible to model the 
hysteresis loss in a wide frequency range with the help of these 
viscoelastic material models. 

In order to investigate the generalized Maxwell’s 
behaviour using them for EPDM rubber (with a hardness of 
75° IRH), three different generalized Maxwell models were 
constructed, using DMTA measurements results in a wide 
frequency range: a 15-term, traditionally fitted to the storage 
modulus, a 40-term fitted to the storage modulus and 40-term 
fitted to the loss factor. The necessary measurements for the 
material models were done by David Felhös, and the fitting of 
the material models were done by Tibor Goda. I prepared the 
finite element models of the DMTA measurements with the 
three material models and I concluded that with the help of the 
finite element method it is possible to model the internal 
material loss of rubber. The 15-term generalized Maxwell 
model in the investigated frequency range (10-12-10+16 Hz), 
approximates the storage modulus very well, but in case of the 
loss factor it shows a large oscillation. Furthermore, it shows 
underestimation of the loss factor at low frequencies (Fig. 3). 



 

13 

The oscillation could be reduced when the 40-term generalized 
Maxwell model was used, which has shown a good agreement 
with the measured loss factor at low frequencies, however, it is 
still underestimated (Fig. 4). To remedy this, a manually 
modified 40-term Maxwell model fitted to the loss factor was 
used, although at such low frequencies the accuracy between 
the storage modulus of the material model and the master curve 
slightly deteriorated, but in case of the loss factor much better 
accuracy can be seen for the entire test frequency range 
(Fig. 5). In Fig. 4, 5 and 6 the black squares represent the 
calculated loss factor values based on the finite element model 
of the DMTA measurements. The FE models followed the loss 
factor input values based on the Maxwell model and an 
inaccurate agreement can be seen between the fitted master 
curve and the measurement, and the modelled loss factor also 
shows the same inaccuracy compared to the measurement. 
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Fig. 3. The 15-term generalized Maxwell model fitted to the storage 
modulus a.) the measured (continuous line) and fitted (dashed line) 
storage modulus vs. frequency curves, b) the measured (continuous 

line) and fitted (dashed line), loss factor frequency curves, the discrete 
points are the calculated loss factor values by FE method 
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Fig. 4.The 40-term generalized Maxwell model fitted to the storage 
modulus a.) the measured (continuous line) and fitted (dashed line) 
storage modulus vs. frequency curves, b) the measured (continuous 

line) and fitted (dashed line), loss factor frequency curves, the discrete 
points are the calculated loss factor values by FE method 
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Fig. 5. The 40-term generalized Maxwell model fitted to the loss factor 
a.) the measured (continuous line) and fitted (dashed line) storage 

modulus vs. frequency curves, b) the measured (continuous line) and 
fitted (dashed line), loss factor frequency curves, the discrete points are 

the calculated loss factor values by FE method 
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2. The simulation of the macro-hysteresis 
2.a) The hysteresis part of the coefficient of friction was 

determined by finite element simulation. 
The simulation was compared to the measured 
friction force, which was measured by a micro 
tribometer where a ball with 2 mm diameter slides on 
an EPDM rubber plate (hardness 75° IRH), I found 
that depending on the sliding speed 15-50% of the 
coefficient of friction comes from the hysteresis. 
Related publications: [1], [4], [10] and [14]. 

For the investigation of the hysteresis excited by the 
macro level of surface roughness, measurements were done on 
a micro tribometer at the company TEKNIKER in Spain. 
During the measurement, a bearing ball with 2 mm diameter 
was pressed against an EPDM rubber plate with a specified 
force, and then moved with a sinusoidally alternating motion 
and the frictional force was measured. With the measurement it 
was possible to determine the coefficient of friction generated 
by the macro surface roughness, which contains other 
components of friction beside the hysteresis. Based on the 
measurement in an indirect way I determined the hysteretic 
component of friction and the resultant of other components of 
friction such as adhesion, shear of the lubricant layer. 
The finite element model can be seen in Fig. 6. The measured 
total coefficient of friction at 0.1 and 10 mm/s sliding speed, in 
case of Fn = 100mN load shown in Fig. 7 by black curves. 
The discrete points illustrate the results of the test in case of 
two measurements; the gray continuous line is the calculated 
hysteretic friction component from the finite element method. 
It can be seen that at lower temperature range and lower sliding 
speeds 15% of the coefficient of friction can be attributed to 
hysteresis, while at higher speeds it can be up to 50%. 
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Fig. 6. The finite element model of measurement made of the micro 

tribometer measurement 
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Fig. 7. The coefficient of friction in the function of sliding distance, 
Fn = 100 mN load, at maximum sliding speed a.) v = 0.1 mm/s and 

b.) v = 10 mm/s 
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2.b) In the simulation of the test, where a steel ball was 

sliding on a rubber plate, I determined that the 
hysteretic friction can be underestimated up to 50% 
calculated by the 15- or 40-term generalized Maxwell 
model fitted to the storage modulus compared to the 
40-term generalized Maxwell model fitted to the loss 
factor (for example: T=20 ºC, v=0.1 mm/s, 15 and 
40-term Maxwell model fitted to the storage modulus, 
and 40-term Maxwell model fitted to the loss factor 
the hysteretic coefficient of friction is µhysteresis=0.0073, 
0.0077 and 0.0177, respectively). In case of the 
40-term generalized Maxwell model fitted to the loss 
factor the hysteretic friction component at -50 ºC, 
despite the large loss factor, only at low sliding speeds 
(v<1 mm/s) approaches the calculated hysteresis at 
room temperature (µhysteresis=0.017 to 0.02). Despite the 
small factor the largest hysteresis friction 
µhysteresis=0.027 was calculated at 150 ºC because of the 
deeper penetration, and hence the greater amount of 
deformed material. 
Related publications: [1], [4], [10] and [14]. 
In the simulation of the steel ball sliding on EPDM 

rubber plate configuration, measured on the micro tribometer, I 
prepared a finite element model where the non-linear material 
behaviour of the rubber was considered by Mooney-Rivlin 
material law with two parameters and the time-dependent 
behaviour was taken into consideration by three different 
generalized Maxwell model, to examine their impact on the 
friction coming from the hysteresis. The finite element model 
is shown in Fig. 6. During the finite element simulation three 
temperatures (-50 ºC, +20 ºC to +150 ºC) and five sliding 
speeds (0.01, 0.1, 1, 10 and 100 mm/s) were examined. 
The calculated values of the hysteretic friction are shown in 
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Fig. 8. The numbers over the columns of Fig. 8.a and 8.b are 
showing the deviation of the coefficient of friction in 
percentage compared to the 40-term Maxwell model fitted to 
the loss factor. 
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Fig. 8. Coefficient of friction in the function of frequency at T = -50 ºC 
to 20 ºC and 150 ºC. a.) 15-term Maxwell model fitted to the storage 

modulus, b) 40-term Maxwell model fitted to the storage modulus, and 
c) 40-term Maxwell model fitted to the loss factor. The numbers above 
columns in case of a.) and b.) show differences compared to calculated 

hysteresis by 40-term Maxwell model fitted to the loss factor 

During the modelling I found that the 15-term 
generalized Maxwell model is not able to describe the entire 
frequency range and because of the oscillation it can produce 
completely unreliable results and it can under- and 
overestimate hysteresis. The calculation created with 40-term 
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Maxwell model fitted to the storage modulus the 
underestimates the hysteresis in low frequency range, due to 
the difference of the loss factor compared to the measurement. 
With the 40-term Maxwell model fitted to the loss factor due to 
underestimation of the storage modulus, a larger penetration 
can be expected, thus the hysteresis is overestimated. It is 
important to note that a good estimation of the hysteresis can 
be achieved by the good match between the modelled storage 
modulus and loss factor compared to the measurement. 



20 

3. 2D FE modelling of the rubber hysteresis when sliding on 
rough surface 
 2D finite element model was created, in which the 

rough surface’s topography was substituted by sine 
waves and thus the different levels of roughness were 
taken into consideration, which could help to define 
the hysteresis excited by each level of the rough 
surface. Based on the finite element model results, I 
concluded that the hysteretic part of coefficient of 
friction is higher when the roughness component 
having a small wavelength (λ=11.11 µm and A=1 mm) 
is taking into consideration than when the roughness 
component having a larger wavelength (λ=100 µm and 
A=4 mm). Superimposing the roughness levels to each 
other, the hysteresis value increases but this increase 
is smaller than the sum of the hysteresis coming from 
the different levels of roughness. For example, with 
the 40-term Maxwell model fitted to the loss factor in 
case of the tested EPDM rubber (hardness of 75 °IRH) 
at 20 ºC the calculated hysteresis coefficient of friction 
is µhysteresis=0.071 in case of the roughness components 
having a smaller wavelength, while in case of 
roughness component having a larger wavelength 
µhysteresis=0.054 and after superimposing the two 
roughness components to each other µhysteresis=0.119 
can be calculated. 
Related publications: [3] and [12]. 
In the year 2000 one of the leading names linked to the 

theories which are taking into consideration the topography of 
the contacting surface is Persson. According to Persson, the 
full spectrum of connecting surface wavelengths has to be 
taken into account to determine the actual contact conditions. 
Persson's theory uses the power spectral density (PSD) of the 
surface to characterize its wavelengths and amplitudes. Based 
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on this theory, for describing the rough surface topography in 
the simulations sine waves were used, whose wavelengths and 
amplitudes were determined by PSD analysis based on the 
measurements done with AFM and Mahr Perthometer concept 
surface roughness measuring devices by my colleague Árpád 
Czifra. A 2D finite element model has been developed, using 
the 40-term generalized Maxwell model, to determine the 
excited hysteresis when rubber is sliding on a rough surface, 
considering the different levels of the surface roughness. 
Fig. 9.a shows the surface roughness represented by sine waves 
at two levels and the combination of them. Fig. 9.b represents 
the finite element model of sliding rubber on rough surface. 
The modelled rubber piece’s width was the same as the 
wavelength of the roughness, using repetitive symmetry. 
Fig. 10 shows that the excited hysteresis by sine wave having 
the larger wavelength (A) is smaller than that of the shorter 
wavelength (B) excited, and the superposition of two sine wave 
(A + B) produced less then the sum of the two. According to 
Fig. 10 the maximum calculated hysteresis values can be 
µ=0.12 in case of the composite model, at room temperature. 
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Fig. 9. a.) The rough surface is represented by sine waves, the two levels 
of roughness (A and B) and their combination is (A+B), b.) the finite 

element model for calculating hysteresis 

 
Fig. 10. The coefficient of friction values are calculated at three 

different temperatures in case of the three surface roughness levels 



 

23 

VI. The potential utilization 

The developed finite element models make it possible to 
investigate the hysteresis in case of a rubber component sliding 
on different rough surfaces (such as rubber sealing-piston 
sliding pair, asphalt-tire relationship). Improving the models, 
further influencing factors can be taken into consideration 
during the calculation such as effects of lubricant layer, 
adhesion, or the contact zones with different temperatures 
during sliding. Taking into account the influencing factors, 
these models can be converted to specific models such as the 
investigation of the wiper blade and glass relationship. 
The developed finite element models can be applied to 
characterize the hysteresis of other materials with internal loss 
(such as various polymers). 

With the better understanding of tribological properties 
of rubbers it is possible to design more and more appropriate 
specific structural elements. The goal of my research was to 
examine the rubber’s sliding behaviour related to the internal, 
hysteretic part of friction in order to the develop better rubber 
components and show some possibilities of who can the 
hysteresis component of friction be take into consideration in 
the design phase and to introduce the main problems 
encountered during the modelling and the possibilities of 
avoiding them. 
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