
Dynamic Friction Model for the
Investigation of Stick-Slip Oscillations

The optimization of lubricated sealing systems with respect to the stick-slip effect
requires a friction model that describes the complex friction behavior in the lubri-
cated contact area. This paper presents an efficient dynamic friction model based
on the Stribeck curve, which allows to investigate the influencing parameters
through finite element (FE) simulations. The simulation of a tribometer test using
this friction model proofs that the model correlates well with the tribometer test
results. It is shown that the system stiffness has a significant influence on the
stick-slip tendency of the system.
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1 Introduction

Dynamic seals play an important role in hydraulic systems.
Such lubricated parts usually show a quite complex frictional
behavior. In this work, special attention is paid to the stick-slip
effect, a friction instability in which the contact alternates
between sticking and sliding in a frequency range of a few to
several thousand hertz. Such friction-induced oscillations result
in disturbing squealing noise or positioning inaccuracies of
hydraulic parts. Particularly, the frictional behavior in the
mixed lubrication regime influences the stick-slip effect [1].
Thus, modeling approaches for an accurate description of the
dynamic frictional behavior are required in order to optimize
lubricated sealing systems concerning the stick-slip effect.

In previous studies [2], a dynamic friction model based on
the Stribeck curve was presented, which describes the buildup
and degradation of the lubricating fluid film on a phenomeno-
logical basis. In the present paper, the influence of the empiri-
cal parameters on the buildup and degradation of the lubricant
film is investigated. Furthermore, an approach for the determi-
nation of model parameters on basis of the inverse hydrody-
namic lubrication method is introduced. The presented friction
model is then validated using a tribometer test, which rates the
stick-slip tendency of automotive brake fluids. In addition, the
influence of the system stiffness on the stick-slip effect is inves-
tigated, whereby the system stiffness is varied first by an addi-
tional spring [2] and second by modifying the viscoelastic
material behavior.

2 Friction Model

2.1 Friction Model in Mixed Lubrication Range

Various approaches exist for modeling the frictional behavior
in the mixed lubrication regime, e.g., through description of
the friction coefficient by the Stribeck curve or through the cal-

culation of the lubricating fluid film based on the elasto-hydro-
dynamic lubrication theory (EHL).

The EHL couples the structural mechanics with the fluid
mechanics, iterating the solid contact pressure and the pressure
in the lubricant film. It is common to use the transient Rey-
nolds equation [3] to describe the lubricant film. Assuming an
incompressible Newtonian fluid (density r1) = const., viscosity
h = const.), this equation depends on the lubricant film height
h, the pressure gradient ¶p/¶x, the axial velocities u and the
velocities w in radial direction of the moving surfaces a and b:

¶
¶x

h3

12h
¶p
¶x

� �
¼ ¶

¶x
ub þ ua

2
h

� �
þ wa � wb � ua

¶h
¶x

(1)

Various approaches exist for solving such elasto-hydrody-
namic problems [4–6]. However, because of the high computa-
tional effort these methods could not be applied successfully to
the dynamic stick-slip effect so far.

Another, but simpler approach to designate mixed lubrica-
tion is the Stribeck curve, which describes the coefficient of
friction as a function of relative velocity based on empirical
approaches [7].

The Stribeck curve is indeed commonly used for investigat-
ing stick-slip effects. However, this approach describes the

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Martin Wittmaack1,*

Markus André1
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friction behavior in the stationary state only. Since the fluid
volume must enter or leave the lubrication gap during buildup
or decrease of the lubricant film, there is a discrepancy between
the stationary Stribeck curve and the highly dynamic stick-slip
effect. Thus, a suitable simulation approach requires an effi-
cient friction model taking into account the dynamic buildup
and degradation of the lubricant film.

2.2 Dynamic Friction Model

As mentioned above, the transient Reynolds equation describes
the dynamic of the flow in the lubrication gap. By differentia-
tion and assuming vrel ¼ ua � ub and ¶h=¶t ¼ wa � wb, the
Reynolds equation (1) results in:

¶h
¶t
¼ 1

12h
¶2p

¶2x
h3 þ 1

4h
¶h
¶x

¶p
¶x

h2 � 1
2

¶h
¶x

vrel (2)

Eq. (2) shows that the time derivative of the lubricating film
depends on the second and third power of the lubricating film
height h and the relative velocity vrel. In order to avoid the high
computational effort of coupling the fluid and structural
mechanics, an empirical evolution equation [2] is proposed,
describing the evolution of the lubrication gap h:

¶h
¶t
¼ �b h2 þ g vrelj j (3)

In this empirical equation, the lubricant film is assumed to
build up with increasing relative velocity vrel, weighted by the
empirical parameter g and to degrade with the square of the
lubricant film height h2, weighted by the empirical parameter
b. For simplification, the term h3 is neglected. This allows to
describe the lubricant film height in stationary state as a func-
tion of the relative velocity and to fit the empirical parameters
to the solution of the inverse hydrodynamic lubrication meth-
od (see Sect. 3.2).

Fig. 1 shows an example for the lubricant film height h dur-
ing some sudden changes of the relative velocity vrel. The
parameters of the investigated fluid RF31 are listed in Tab. 1.
With a sudden change in the relative velocity, the lubricant film
builds up and degrades with a time delay, whereby the lubri-
cant film height finally converges to the steady-state value.

In the steady state, the lubricant film height depends on the
ratio of the empirical parameters g/b and the relative velocity
according to:

hstat ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
g
b

vrelj j
r

(4)

The duration until the stationary state is reached depends on
the empirical parameters g and b. Fig. 1 also demonstrates the
influence of the parameter g for a constant ratio g/b. The larger
g is, the faster the fluid film reaches the stationary state.

For the frictional shear stress t, an additive division into the
solid friction ts and the fluid friction tfl is applied according to
[2]:

t ¼ ts þ tfl (5)

An exponential approach [7] is used to describe the solid
friction component ts. In the stationary state, this approach de-
pends on the contact pressure p, the static friction coefficient
m0, the relative velocity vrel, and the two empirical Stribeck pa-
rameters vs and d according to:

ts
stat ¼ p m0 exp � vrel

vs

����
����
d

 !
(6)

The computation of the transient friction condition requires
the determination of the lubricant film height h, which is ob-
tained by integrating Eq. (3) with an explicit Euler scheme.
Subsequently, Eq. (4) provides the equivalent relative velocity
corresponding to the lubricant film height in the stationary
state. Inserting Eq. (4) in Eq. (6) results in the transient solid
friction ts

dyn:

ts
dyn ¼ p m0 exp � b h2

gvs

����
����
d

 !
(7)

Assuming a Couette flow in the lubrication gap, the fluid
friction is proportional to the viscosity h, the relative velocity
vrel, and the empricial Stribeck curve parameter c and inversely
proportional to lubricant film height h according to:

tfl ¼ c h
vrel

h
(8)

From Eqs. (4) and (8), the fluid friction in a stationary state
can be expressed as a function of the relative velocity vrel. This
allows the Stribeck curve parameter c to be determined from
measured Stribeck curves.

3 Validation of the Dynamic
Friction Model

A validation of this dynamic friction model
is carried out with an SRV

�-tribometer test
with which the stick-slip tendency of brake
fluids is characterized. This test is per-
formed and simulated with two fluids,
which show significant differences in the
stick-slip behavior.

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 1. Buildup and degradation of the lubricant film.
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3.1 Characterization of the
Investigated Fluid

In order to validate the dynamic friction
model, the automotive brake fluids RF31
and RF33 are characterized. In tribometer
tests as well as in product tests, the use of
fluid RF31 results in a strong stick-slip be-
havior in the sealing system of the master
brake cylinder, while the use of fluid RF33
does not.

The viscosity of these two fluids was
measured using a viscometer with a coaxial
cylinder measuring system by the Deutsche
Institut für Kautschuktechnologie e.V.
(DIK e.V.) [9]. At a temperature of
T = 23 �C, the viscosity differs only slightly
(hRF31 = 11.5 mPa s, hRF33 = 12.2 mPa s).

For characterization of the friction prop-
erties, the Stribeck curves of the two fluids were measured with
a linear tribometer also by the DIK e. V. [9]. In this test, a
rubber plate with rib structure is moved on a C45 steel plate
(Fig. 2a), which is ground transverse to the direction of move-
ment. The rubber plate (length 32 mm, width 20 mm, thickness
2 mm) has eight semi-circular ribs (radius r = 1 mm) and is
made of ethylene propylene diene monomer (EPDM) with
hardness 80 ShA [9].

Fig. 2b presents the measured Stribeck curves of the fluids
RF31 and RF33 with a normal force FN = 29.98 N in the veloci-
ty range vrel = 0.1, K, 300 mm s–1. Both fluids differ particularly
in the range of boundary friction. Thus, at a relative velocity of
vrel = 0.1 mm s–1, the coefficient of friction of fluid RF31 is
mRF31 = 0.2877 (FR RF31 = 8.6 N), whereas for the fluid RF33 it
is mRF33 = 0.2159 (FR RF33 = 6.5 N). In the mixed lubrication
regime, the coefficient of friction of fluid RF31 drops faster
than that of the fluid RF33. At a relative velocity of
vrel = 100 mm s–1, the friction forces of both fluids are almost
identical. Also the result of the friction approach according to
Eqs. (4), (5), (6) and (8) is visualized with parameters fitted to
the measured data.

3.2 Determination of the Dynamic Friction Model
Parameters

The ratio of the empirical parameters g/b is determined using
the inverse hydrodynamic lubrication (IHL) method according
to Blok [10]. More recent examples for the implementation of
the IHL method are given in [11] and [12]. This method com-
putes the profile of the lubricant film height under a single rib
of the linear tribometer test (Fig. 2a) for a given relative velocity
in the stationary state. The required contact pressure distribu-
tion is computed with a static finite element (FE) simulation
using the material model described in Sect. 3.5. The ratio of the
empirical parameters g/b is adjusted at the position of the min-
imum lubricant film height, since friction has a maximum at
this position.

Fig. 3 displays the minimum lubricant film height from the
IHL method as a function of relative velocity in good accor-
dance with the dynamic friction model. The investigation of
the empirical parameter g in Fig. 1 shows that the stationary
solution is obtained faster with increasing parameter g. The
empirical parameter g is then manually adjusted to the test data
from the SRV�-tribometer test (Sect. 3.3).

By minimizing the error norm, the Stribeck parameters m0,
vs, d, and c are adjusted to the measured Stribeck curves
(Fig. 2b). Here, the friction force FR = tA in stationary state is
determined from Eqs. (4), (5), (6) and (8) according to:

FR ¼ FN m0 exp � vrel

vs

����
����d

 !
þ A c h

b
g

vrelj j
� �1

2

(9)

The normal force FN during the tribometer test is known
and the contact area A is estimated with an FE model of the
test setup. Fig. 2b demonstrates that Eq. (9) fits well to the mea-
sured Stribeck curves. Tab. 1 lists the corresponding Stribeck
parameters. Particularly, the solid friction parameters m0, vs,
and d of the two investigated fluids RF31 and RF33 differ.

3.3 SRV�-Tribometer Test

A study on the stick-slip tendency of brake fluids shows that
the SRV�-tribometer (Fig. 4) of the company Optimol well

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 2. Linear tribometer test (a) to measure the Stribeck curves, (b) of the investi-
gated fluids [2].

Figure 3. Computation of the lubricant film height under the rib
of the linear tribometer test.

Research Article 31

 15214125, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ceat.202200416 by H

ochschule H
annover, W

iley O
nline L

ibrary on [19/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



reproduces observations from product tests [13, 14]. In this
test, the tribometer presses a steel ball with a diameter of
10 mm (Item 1) onto an EPDM rubber specimen (Item 3) with
a defined normal force FN = 15, K, 25 N. The cylindrical rub-
ber specimen has a thickness of t = 2 mm and a diameter of
10 mm. It is fixed within a steel trough (Item 4) and is fully
covered by the fluid (Item 2) to be tested.

The steel ball (sphere) performs an oscillating motion x(t)
with the frequency fa = 2, K, 6 Hz and an amplitude a = 1 mm
according to:

x tð Þ ¼ a sin 2pfa tð Þ (10)

In order to achieve reproducible test results, the vulcaniza-
tion skin needs to be removed before the test. A possibility is to
grind off the vulcanization skin with sandpaper (400 grit). In
this case, the sandpaper was pressed on the rubber specimen
with a normal force of FN = 50 N while moved with the fre-
quency fa = 1 Hz and an amplitude a = 50 mm for 20 s accord-
ing to Eq. (10).

Fig. 5 shows the ratio of the friction force to the normal force
FR/FN for the SRV�-tribometer test depending on the move-
ment of the sphere x(t) at the frequency of excitation fa = 5 Hz,

an amplitude a = 1 mm, and a normal force
FN = 20 N. The experiments were carried
out at the Kompetenzzentrum Tribologie
of the Hochschule Mannheim [14]. It is
obvious that the stick-slip effect occurs
with Fluid RF31 (blue line), but not with
Fluid RF33 (orange line).

3.4 FE Simulation

During a stick-slip situation, the contact changes between
sticking and sliding at a high frequency. This friction-induced
oscillation results in a corresponding fast change of velocities
and accelerations. For numerical reasons, an explicit time inte-
gration scheme is used for the dynamic FE simulation of the
stick-slip effect. In the present work, the commercial simula-
tion software ABAQUS/explicit is used for this purpose [8].

In the FE simulation model of the SRV�-tribometer (Fig. 4),
the sphere (Item 1) as well as the steel trough (Item 4) are
assumed to be rigid surfaces, since their deformation is negli-
gible compared to the elastomer plate. The rubber specimen
(Item 3) is meshed with linear hexahedral elements (element
type C3D8R). To reduce the computation time, the symmetry
of the experimental setup is considered and only half of the
model is used. In the contact between the sphere (Item 1) and
the rubber sample (Item 3) the dynamic friction model is
applied, while the contact between the rubber sample (Item 3)
and the steel trough (Item 4) a Coulomb friction law with fric-
tion coefficient of m = 0.3 is assumed.

The simulation consists of three steps. In the first simulation
step, the steel ball is pressed onto the rubber sample with a
specified force. Due to the viscoelastic material behavior of the
rubber, a simulation step follows in which the dynamic effects
decay. In the third simulation step, the response of the SRV�-
tribometer test is computed, whereby the steel ball is periodi-
cally moved with a displacement x(t) according to Eq. (10).

3.5 Material Model

The investigated EPDM rubber was characterized by the DIK
e.V. [9]. The hyperelastic Neo-Hooke material model is used
for the elastic response of the investigated EPDM. The strain
energy density W of the compressible Neo-Hooke material
model is determined from the Neo-Hooke parameter C10, the
first invariant Î1 of the Cauchy-Green tensor, compressibility
parameter D1, and the elastic volume ratio Jel:

W ¼ C10 Î1 � 3
� 	

þ 1
D1

Jel � 1
� 	2

(11)

The elastic response is determined from an uniaxial tension
test and yields a Neo-Hooke parameter C10 = 1.1612 MPa [2].
Due to the explicit time integration scheme it is necessary
to assume a moderate volumetric compressibility with
D1 = 2/K = 0.1 MPa–1, where K denotes the bulk modulus.

The viscoelastic material behavior of the EPDM rubber is
described by a generalized Maxwell model in the form of a

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Table 1. Parameters of the Stribeck curve.

Fluid m0 [–] vs [mm s–1] d [–] c [–] b [mm–1s–1] g [–] FN [N] A [mm2]

RF31 0.2928 57.28 0.8859 7.86 12.51 ·106 0.01 29.98 57.2

RF33 0.2204 94.15 0.5832 4.81 12.41 ·106 0.01 29.98 57.2

Figure 4. SRV�-tribometer test.

Figure 5. Measured ratio of friction force to normal force of the
SRV�-tribometer test with two fluids [2].
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Prony series. The shear storage modulus G¢ and the shear loss
modulus G¢¢ [15] depend on the Prony parameters Gi, the
relaxation times tp

i of the individual Prony elements, and the
frequency f as follows:

G¢ fð Þ ¼ G¥ þ
Xn

i¼1

Gi tp
i 2pf

� 	2

1þ tp
i 2pf

� 	2 (12)

G ¢ ¢ fð Þ ¼
Xn

i¼1

Git
p
i 2pf

1þ tp
i 2pf

� 	2 (13)

The shear storage modulus additionally depends on the stat-
ic shear modulus G¥, which is determined from the Neo-
Hooke parameter C10 according to:

G¥ ¼ 2C10 (14)

By minimizing the error norm, the Prony parameters are fit-
ted to a master curve at reference temperature Tref = 20 �C,
which is received from a dynamic mechanical analysis of the
EPDM rubber [2]. In order to reduce the required relaxation
time in the simulation model, the Prony series is reduced so
that the maximum relaxation time is tp max = 0.4 s. Since the
minimum SRV� excitation frequency fa = 2 Hz is of the same
order of magnitude as the maximum relaxation time and the
expected minimum stick-slip frequency is about 500 Hz, the
error resulting from this assumption is expected to be negli-
gible.

3.6 Simulation Results

Fig. 6 depicts the ratio of the friction force to the normal force
FR/FN, achieved from a high-resolution finite element simula-
tion using the dynamic friction model compared with the
experimental results of the SRV� test. It is obvious that for the
fluid RF31 the stick-slip effect occurs in the FE simulation as
well as in the tribometer test. In contrast, the stick-slip effect

does not occur for fluid RF33. Compared with the test results,
the FE simulation computes a larger oscillation amplitude for
the fluid RF31. Despite the difference in amplitude, the simula-
tion results correlate very well with the experimental observa-
tions.

In contrast to the dynamic friction model, the stationary
Stribeck curve does not take into account the buildup and deg-
radation of the lubricant film. If this stationary friction model
is used instead, the stick-slip effect occurs with both fluids
RF31 and RF33 (Fig. 7). Thus, the use of a stationary Stribeck
curve is not sufficient to provide an accurate stick-slip predic-
tion. Consequently, it is important to consider the buildup and
degradation of the lubricant film in dynamic friction modeling.

4 Influence of Stiffness

Observations from the SRV�-tribometer tests show that the
sensitivity of the test strongly depends on the system stiffness
of the tribometer. Depending on the selected stiffness of the test
setup, the stick-slip effect may or may not be excited. There-
fore, in this chapter the influence of stiffness on the stick-slip
effect is investigated using the presented FE simulation
approach.

4.1 Variation of Stiffness by Additional Spring

The stiffness k of the system [16] is determined during the
sticking period by the derivative of the friction force FR(t) with
respect to the displacement u(t) according to:

k ¼ dFR

du
»

FR t þ Dtð Þ � FR t � Dtð Þ
u t þ Dtð Þ � u t � Dtð Þ (15)

In the simulations of Sect. 3, only the elasticity of the rubber
specimen was taken into account and the rest of the test setup
was assumed rigid. In the present section, the system stiffness
is artificially reduced by introducing an additional spring into

the simulation model. A detailed descrip-
tion of the simulation model with the addi-
tional spring can be found in the Support-
ing Information. Now the stick-slip effect
can be excited for a previously unobtrusive
system [2, 8].

Fig. 8 shows the friction force FR and the
stiffness k depending on the displacement u
of the sphere. In the simulation model for
fluid RF33 without additional spring, no
stick-slip occurs. Here, the initial stiffness
of the simulation model is k » 150 N mm–1.
The integration of an additional spring with
a stiffness of kspring = 200 N mm–1 and a low
damping of d = 0.02 N s mm–1 reduces the
initial system stiffness to k » 80 N mm–1

and clearly initiates the stick-slip effect.
This proves that the stick-slip tendency
increases with decreasing stiffness [2].

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 6. FE simulation of the SRV�-tribometer test with dynamic friction model and test
result [2].
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4.2 Variation of Stiffness by Changing the
Viscoelastic Material Properties

The previous chapter shows that the stiffness of the tribological
system influences the stick-slip tendency. The following chapter
investigates the influence of material properties on the stick-slip
effect. For this purpose, the viscoelastic material behavior is arti-
ficially varied by modifying the Prony parameters Gi. Reducing
the Prony parameter values Gi by 50 % corresponds to a reduc-
tion of elastic and damping properties of the rubber material.
On the one hand, this also results in a reduction of the initial
stiffness from k » 150 N mm–1 to k » 100 N mm–1 (Fig. 8),
which again provokes a slight stick-slip tendency with the fluid
RF33. Compared with Fig. 8, the stick-slip effect in Fig. 9 is less
severe because the dynamic mechanisms are different. On the
one hand, the modification of the Prony parameters also change
the system damping. On the other hand, the additional spring
(Fig. 8) yields other oscillation modes than a purely displace-
ment driven sphere.

Fig. 9 indicates that reducing the Prony parameter Gi reduces
the system stiffness k in such a way that the stick-slip effect is
provoked. Now an increase of the system stiffness is investi-
gated. For this purpose, the friction model of the fluid RF31, in

which the stick-slip effect originally occurs,
is used. Assuming double values for the
Prony parameters Gi leads to an increase of
the initial stiffness from k » 150 N mm–1

to k » 240 N mm–1. From the results in
Fig. 10 it is clear that this suppresses the
stick-slip effect.

The study demonstrates that by modify-
ing the viscoelastic material behavior the
system stiffness can be influenced. In gen-
eral, a stiffness reduction leads to an in-
crease in the stick-slip tendency, while a
stiffness increment reduces it. These exper-
imental results correlate well with basic in-
vestigations on the stiffness influence on
the stick-slip effect. Examples with a simple
spring-mass-damper system are shown in
[8]. Consequently, the system stiffness must
be carefully selected for an appropriate
investigation of stick-slip phenomena.

5 Summary and Conclusion

The optimization of lubricated sealing sys-
tems with regard to the stick-slip effect requires an efficient
dynamic friction model. The common approach of a Stribeck
curve describes the frictional behavior in the stationary state
only. However, the much more accurate EHL simulation ap-
proaches go along with high computational effort and conver-
gence issues. Thus, they are not applied for stick-slip computa-
tions in this work. In contrast, the friction model presented in
this work describes the dynamics of the lubrication film
through a phenomenological extension the stationary Stribeck
curve. The computations of SRV�-tribometer tests are per-
formed for two different fluids with different stick-slip ten-
dency. These simulation results correlate very well with the
experimental results.

Furthermore, the phenomenological dynamic friction model
is used to investigate the influence of stiffness on the stick-slip
effect with the introduced simulation model. A reduction of the
system stiffness is achieved by adding an additional spring to
the test setup and by modifying the viscoelastic material behav-
ior. Both approaches are able to provoke the stick-slip effect for
previously inconspicuous systems. In contrast, increasing the
system stiffness results in a suppression of the stick-slip effect.
This study shows that the system stiffness has a huge influence
on the stick-slip effect and its increase reduces the stick-slip

tendency of lubricated systems.
The presented dynamic friction model is

useful in the development of dynamic hy-
draulic sealing systems, helping to avoid
disturbing stick-slip effects. Although the
physical motivation and determination of
the empirical parameters b and g requires
further work, the presented approach
enables a good qualitative and quantitative
representation of stick-slip mechanisms in
lubricated friction systems. A starting point

Chem. Eng. Technol. 2023, 46, No. 1, 29–36 ª 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 7. FE simulation of the SRV�-tribometer test with stationary friction model [2].

Figure 8. Influence of system stiffness on stick-slip effect with fluid RF33 [2].

Figure 9. Influence of viscoelastic material properties on stick-slip effect with RF33.
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for a more detailed investigation of the lubrication film buildup
and degradation could be based on the EHD approaches of [5]
and [6].

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/ceat.202200416.

Acknowledgment

The authors thank the Deutsche Institut für Kautschuktechno-
logie e.V. (DIK e.V.) for providing the Stribeck curves and for
the characterization of the DIK reference elastomer. We also
like to thank the Kompetenzzentrum Tribologie of the Hoch-
schule Mannheim (KTM) for providing the SRV�-tribometer
test results. Open access funding enabled and organized by
Projekt DEAL.

The authors have declared no conflict of interest.

Symbols used

a [mm] amplitude
A [mm2] contact area
c [–] Stribeck curve parameter
C10 [MPa] Neo-Hooke parameter
d [N s mm–1] damping parameter
D1 [MPa–1] compressibility
f [s–1] frequency
fa [s–1] frequency of SRV�-tribometer
FN [N] normal force
FR [N] friction force
G [MPa] shear modulus
G¢ [MPa] shear storage modulus
G¢¢ [MPa] shear loss modulus
Gi [MPa] Prony parameter
G¥ [MPa] static shear modulus
h [mm] lubricant film height
Î1 [–] first invariant of Cauchy-Green

tensor
Jel [–] elastic volume ration
k [N mm–1] stiffness
K [MPa] bulk modulus
p [MPa] pressure

t [s] time
T [�C] temperature
ua, ub [mm s–1] velocity in axial direction
vrel [mm s–1] relative velocity
vs [mm s–1] Stribeck curve velocity parameter
wa, wb [mm s–1] velocity in radial direction
W [MPa] strain energy density
x [mm] sphere movement

Greek letters

b [mm–1s–1] empirical fluid film parameter
g [–] empirical fluid film parameter
d [–] Stribeck curve parameter
h [mPa s–1] viscosity
m [–] static friction coefficient
m0 [–] Stribeck curve parameter
r [t mm–3] density
t [MPa] shear stress
ti

p [s] relaxation time of Prony element

Abbreviations

EHL elasto-hydrodynamic lubrication theory
EPDM ethylene propylene diene monomer
FE finite element
IHL inverse hydrodynamic lubrication
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