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Influence of surface topography on stick-slip-effects – an 
experimental and numerical study 

Martin Wittmaack, Markus André, Sebastian Rakowski, Katharina Schmitz 

Lubricated sealing systems tend to have undesirable stick-slip-effects under certain service 
conditions. This paper presents a tribometer test to analyze the influence of the surface to-
pography on the stick-slip effect. In this test, it is possible to provoke or avoid the stick-slip 
effect by rotating the surface structure by 90°. Corresponding numerical contact- and CFD-
simulations, based on the measured surface topography show clearly the influence of the 
surface structure on the flow in the lubrication gap. These numerical studies show the influ-
ence of the surface topography on the fluid dynamics in the lubrication gap of translational 
seals and enable a deeper understanding of the stick-slip mechanisms in lubricated sealing 
contacts. 

1 Introduction 

Lubricated sealing systems, such as in automotive brake master cylinders or other 
hydraulic systems, tend to have undesirable stick-slip-effects under certain service 
conditions. These stick-slip-effects are clearly driven by the complex frictional be-
havior in the mixed lubrication regime [1]. A significant factor in this tribological sys-
tem is the surface topography. Thus, it is necessary to investigate and describe the 
lubrication effects on a micromechanical level. The systematic structuring of the sur-
face topography can enhance the load carrying capacity of the lubricating film while 
simultaneously reducing friction [2, 3]. Furthermore, this targeted change in hydro-
dynamic lubrication allows minimizing the stick-slip tendency in pin on disk tribo-
meter tests [4, 5].  

In this paper, a tribometer test is presented and used to investigate the influence of 
surface structure on the stick-slip effect. Finally, numerical contact and CFD simula-
tions are carried out based on measured surfaces, which show the influence of the 
surface topography on the flow in the lubrication gap and thus provide some conclu-
sions on the complex friction behavior. 

2 Tribometer test 

The standard DIN 51834-5 [6], which is currently in the draft status, was recently 
published for the investigation of the stick-slip tendency of brake fluids in EPDM 
(ethylene propylene diene monomer rubber)-steel contacts. In this standard tribo-
meter test, a roller bearing steel ball rubs on a roughened EPDM surface (point con-
tact). This test procedure allows to successfully quantify the stick-slip tendency of 
brake fluids [7]. For a better tribological description of lubricated sealing systems, 
this standard test is modified so that an EPDM cord slides on a steel surface (line 
contact). 
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2.1 Experimental setup 

In this test the tribometer presses a cylindrical 70 ShA EPDM specimen (Figure 1 - 
Item 2) (diameter: 5 mm, length: 5 mm) onto a ground C45 steel surface (Figure 1 - 
Item 4) with a defined normal force 𝐹𝐹𝑁𝑁 = 10, 20, 30 N. The tribometer performs an 
oscillating motion 𝑢𝑢(𝑡𝑡) with the frequency 𝑓𝑓 = 1, … ,6 Hz and an amplitude 𝑎𝑎 =
1.5 𝑚𝑚𝑚𝑚 according to 

𝑢𝑢(𝑡𝑡) = 𝑎𝑎 ⋅ 𝑠𝑠𝑠𝑠𝑠𝑠 (2 ⋅ 𝜋𝜋 ⋅ 𝑓𝑓 ⋅ 𝑡𝑡). (1) 

The specimen holder is connected to the tribometer with two flat springs with a thick-
ness of 0.5 mm. The resulting stiffness per spring is 315 N/mm. The stiffness of the 
adapter can be adjusted using the flat springs. The fluid (Figure 1 - Item 3) to be 
tested covers the steel specimen. In this work, a brake fluid with a viscosity of  
𝜂𝜂 = 11.5 ⋅ 10−3 Pa ⋅ s and ethanol with a viscosity of 𝜂𝜂 = 1.2 ⋅ 10−3 Pa ⋅ s are exam-
ined.  

 
Figure 1: Experimental setup: 1) specimen holder; 2) cylindrical EPDM specimen; 3) fluid;  

4) steel specimen 

2.2 Investigated surfaces 

The size of the analyzed surface section is 99.58 × 99.58 µm2 and is measured with 
a confocal laser-scanning microscope (Keyence VK-100) with a resolution of ∆𝑥𝑥 =
∆𝑦𝑦 = 0.341 μm. This results in a surface resolution of 293 × 293 pixels. After the 
measurement, the curvature and the inclination of the measured surface are cor-
rected using a second order polynomial. Furthermore, the measured data is 
smoothed with a 3x3 Gaussian matrix filter. Figure 2 shows the undeformed surfaces 
𝑟𝑟1,0(𝑥𝑥, 𝑦𝑦) and 𝑟𝑟2,0(𝑥𝑥, 𝑦𝑦). As well, the visualization of the steel surface in Figure 2 as 
the roughness parameter in Table 1 and Table 2 show the clear anisotropic rough-
ness of the steel surface due to grinding. The line roughness parameters are calcu-
lated for seven equidistant lines with an evaluation length of 89.349 µm. The average 
values (Avg.) and the standard deviations (SD) of the multiple lines are listed in Table 
1. Table 2 shows the surface roughness values for both surfaces. 
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Figure 2: Examined surfaces 

Table 1: Line roughness parameters of the examined surfaces 

Surface Direction  𝑅𝑅𝑎𝑎 [μm] 𝑅𝑅𝑝𝑝𝑝𝑝 [μm] 𝑅𝑅𝑘𝑘 [μm] 𝑅𝑅𝑣𝑣𝑣𝑣 [μm] 𝑅𝑅𝑧𝑧 [μm] 

Steel 𝑥𝑥 
Avg. 0.964 0.911 2.748 1.522 6.605 
SD 0.038 0.314 0.195 0.191 0.509 

Steel 𝑦𝑦 
Avg. 0.548 0.431 1.484 0.784 2.925 
SD 0.190 0.202 0.659 0.799 1.084 

EPDM 𝑥𝑥 
Avg. 0.593 0.542 1.766 0.943 4.110 
SD 0.050 0.134 0.230 0.252 0.491 

EPDM 𝑦𝑦 
Avg. 0.512 0.592 1.408 0.914 3.838 
SD 0.032 0.121 0.131 0.236 0.323 

 
Table 2 Surface roughness parameters of the examined surfaces 

Surface 𝑆𝑆𝑎𝑎 [μm] 𝑆𝑆𝑝𝑝𝑝𝑝  [μm] 𝑆𝑆𝑘𝑘  [μm] 𝑆𝑆𝑣𝑣𝑣𝑣  [μm] 𝑆𝑆𝑡𝑡𝑡𝑡  [°] 𝑆𝑆𝑡𝑡𝑡𝑡 [−] 
Steel 0.923 0.962 2.58 1.583 91.2 0.082 

EPDM 0.649 0.671 1.972 1.081 82.8 0.132 

 

2.3 Test results 

Figure 3 shows the ratio of the friction force 𝐹𝐹𝑅𝑅 to normal force 𝐹𝐹𝑁𝑁 depending on the 
harmonic motion 𝑢𝑢(𝑡𝑡) for two orientations of the steel sample. In the load case 
shown, the normal force is 𝐹𝐹𝑁𝑁 = 20 N and the frequency 𝑓𝑓 = 4 Hz. On the left side, 
the EPDM sample slides perpendicular (⊥) to the grinding direction. It can be seen, 
that no stick-slip effect occurs. The maximum ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄  occurs when the EPDM 
changes from sticking to sliding (𝑢𝑢 ≈ 1 mm,𝑢𝑢 ≈ −1.2 mm). Afterwards the friction 
force decreases and increases again as the sample slows down. However, if the 
steel sample is rotated by 90° so that the EPDM sample slides in the direction of 
grinding (right diagram (||)), the stick-slip effect occurs. In this case, the maximum 
ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄  during the change from sticking to sliding is nearly constant. The stick-
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slip effect is not only visible in the friction force signal, but is also clearly audible 
through squeaking noises.  

 
Figure 3: Measured ratio of friction force to normal force for two orientations of the steel 

sample for the brake fluid  

For the quantification of the stick-slip tendency of a brake fluid to the standard DIN 
51834-5 defines the stick-slip index 𝜎𝜎. This index corresponds to the standard devi-
ation of the oscillating force during stick-slip movement. Details on the calculation of 
the stick-slip index 𝜎𝜎 can be found in [6, 8]. 

Figure 4 shows the stick-slip index 𝜎𝜎 for the test program of the brake fluid. It is 
clearly visible, that no stick-slip occurs while the EPDM cord is rubbing perpendicular 
⊥ to the grinding direction. If the surface structure is orientated parallel to the moving 
direction, it can be seen that the stick-slip effect occurs with the exception of the 
frequency 𝑓𝑓 = 1 Hz. The diagram shows also that the stick-slip index has a maximum 
at a frequency of 𝑓𝑓 = 4 Hz and decreases again with higher excitation frequencies 
and the resulting higher sliding velocities. 

 
Figure 4: Stick-Slip Index force for two orientations of the steel sample for the brake fluid 
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Figure 5 shows the ratio of the friction force 𝐹𝐹𝑅𝑅 to normal force 𝐹𝐹𝑁𝑁 for the fluid Ethanol. 
Just as in the tests with brake fluid, the stick-slip effect occurs when sliding in the 
grinding direction (||) and does not occur when the EPDM cord is rubbing perpen-
dicular (⊥) to the surface structure. Furthermore the friction force is higher compared 
to the brake fluid due to the lower lubricating effect of the ethanol.  

 
Figure 5: Measured ratio of friction force to normal force for two orientations of the steel 

sample for the fluid Ethanol 

The stick-slip index for ethanol (Figure 6) also shows the dependence on the orien-
tation of the surface structure. For movement perpendicular ⊥ to the grinding direc-
tion, there is no stick-slip effect. Similar to the brake fluid, no stick-slip occurs at a 
frequency of 𝑓𝑓 = 1 Hz. According to the ratio 𝐹𝐹𝑅𝑅 𝐹𝐹𝑁𝑁⁄ , the stick slip indexes 𝜎𝜎 are 
greater than for brake fluid due to the larger amplitudes. In addition, compared to the 
brake fluid, there is no drop in the index with increasing frequencies. 

 
Figure 6: Stick-Slip Index force for two orientations of the steel sample for the fluid Ethanol 
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3 Numerical Study 

For a deeper understanding of the test results, a numerical analysis of the tribological 
system is carried out below. For this purpose, the solid contact between the EPDM 
cord and the steel surface is first simulated on a microscopic scale. Subsequently, 
flow simulations between the deformed surfaces show the influence on the lubricat-
ing film. 

3.1 Contact simulation on micro scale 

Figure 7 shows the effective gap height ℎ(𝑥𝑥,𝑦𝑦), which is calculated from the differ-
ence between the 𝑧𝑧-coordinates of the deformed surfaces 1 and 2 to 
ℎ(𝑥𝑥, 𝑦𝑦) = 𝑧𝑧1(𝑥𝑥, 𝑦𝑦) − 𝑧𝑧2(𝑥𝑥, 𝑦𝑦). (2) 

 

 
Figure 7: Definition of the gap height 

In macroscopic component simulations, the surfaces of the parts are usually mod-
elled as ideally smooth surfaces. This ideally smooth surface can be interpreted as 
the average plane of roughness. In this sense, the deformed gap height ℎ𝑑𝑑𝑑𝑑𝑑𝑑 takes 
into account the mechanical deformations caused by the local contact of the two 
surfaces. It is calculated by averaging over the examined surface section Ω as fol-
lows 

ℎ𝑑𝑑𝑑𝑑𝑑𝑑 =
1
Ω

 � ℎ(𝑥𝑥,𝑦𝑦) 𝑑𝑑Ω
⬚

(Ω)

. (3) 

To describe the elastic deformations in the solid contact and the normal force as a 
function of the distance between the two rough surfaces, a contact simulation of real 
measured surfaces (Figure 2) is carried out on a microscopic scale. An elastic half-
space model is used for this purpose, by solving the Boussinesq equation according 
to Bartel [9].  
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Figure 8: Gap height ℎ(𝑥𝑥,𝑦𝑦) and the real contact area at ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝜇𝜇  

Figure 8 shows on the left side an example of the effective gap height ℎ(𝑥𝑥,𝑦𝑦) at the 
deformed gap height ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 μm. The structure of the steel surface is still clearly 
visible. In addition to the effective gap height ℎ(𝑥𝑥, 𝑦𝑦), Figure 8 shows the real contact 
area. It can be seen that contact only occurs at the roughness peaks of the steel 
surface. 

3.2 Flow simulation 

The common approach to describe the lubricant film is the Reynolds equation. As-
suming an incompressible Newtonian fluid (density 𝜌𝜌 = const., viscosity 𝜂𝜂 = const.), 
this equation depends on the gap height ℎ, the pressure gradients 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄  and 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕⁄ , 
the tangential velocities 𝑢̇𝑢 and 𝑣̇𝑣 of the moving surfaces 1 and 2  
𝜕𝜕
𝜕𝜕𝜕𝜕

�
ℎ3

12𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� +

𝜕𝜕
𝜕𝜕𝜕𝜕

�
ℎ3

12𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� =

𝑢̇𝑢1 + 𝑢̇𝑢2 
2

𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

+
𝑣̇𝑣1 + 𝑣̇𝑣2 

2
𝜕𝜕ℎ
𝜕𝜕𝜕𝜕

. (4) 

The components of the specific volume flows 𝑞𝑞 for the 𝑥𝑥- and 𝑦𝑦-direction are com-
puted as follow 

𝑞𝑞𝑥𝑥 =
ℎ3

12 ⋅ 𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

−
𝑢̇𝑢1 + 𝑢̇𝑢2 

2
ℎ 

and 

𝑞𝑞𝑦𝑦 =
ℎ3

12 ⋅ 𝜂𝜂
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

−
𝑣̇𝑣1 + 𝑣̇𝑣2 

2
ℎ. 

(5) 

The specific volume flow can be determined from the directional components (Equa-
tion (4))  

𝑞𝑞 = �𝑞𝑞𝑥𝑥2 + 𝑞𝑞𝑦𝑦2. (6) 

To perform a computational fluid dynamic (CFD) simulation of the lubrication film, 
the Reynolds equation (4) is used and is solved by applying the finite difference 
method (FDM). The FDM uses a central difference scheme according to Equation 
(7). The derivations in the y-direction are computed accordingly. This FDM scheme 
is implemented in the mathematics program MATLAB. 
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∆𝑥𝑥2
 

(7) 

The previously performed contact simulation using a half-space model provides the 
deformed gap geometries ℎ(𝑥𝑥, 𝑦𝑦) for several deformed gap heights ℎ𝑑𝑑𝑑𝑑𝑑𝑑. These de-
formed gap geometries are now used to perform both pressure and shear flow sim-
ulations for the brake fluid (𝜂𝜂 = 11.5 ⋅ 10−3 Pa ⋅ s). In order to obtain a more accurate 
solution the mesh is refined using a cubic spline. In the pressure flow simulation, 10 
additional points are generated between the individual pixels. For the shear flow sim-
ulation 20 additional points are generated between the individual pixels.  

 Results of the flow simulation 
To carry out the pressure flow simulation, a fluid pressure of 𝑝𝑝𝑖𝑖𝑖𝑖 = 0.2 MPa is speci-
fied on the inlet side (𝑥𝑥 = 0) and a fluid pressure of 𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜 = 0.1 MPa on the outlet 
side(𝑥𝑥 = 99.58 μm). The surface velocities are assumed to be zero (𝑢̇𝑢1 = 𝑢̇𝑢2 = 𝑣̇𝑣1 =
𝑣̇𝑣2 = 0). The flow of the fluid is prevented by specifying a pressure gradient (𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕)⁄  
equal to zero on the sides(𝑦𝑦 = 0, 𝑦𝑦 = 99.58 μm). Figure 9 shows the specific volume 
flow for the pressure flow simulation at a deformed gap height of ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 μm. If 
the fluid flows perpendicular (⊥) to the grinding direction, the roughness impedes the 
fluid. The fluid therefore flows through branched channels. If the fluid flows in grind-
ing direction (||), the surface topography supports the fluid flow, which results in a 
higher specific volume flow.  

 
Figure 9: Specific volume flow for the pressure flow simulation at ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝜇𝜇 

For the shear flow simulation, the same pressure is defined on the inlet and outlet 
side 𝑝𝑝𝑖𝑖𝑖𝑖 = 𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜. The velocities of the surfaces are specified in opposite directions to 
each other in the direction of flow (𝑢̇𝑢1 = −𝑢̇𝑢2 = 100 mm s⁄  ). Similar to the pressure 
flow simulation, a pressure gradient equal to zero prevents the fluid from flowing out 
over the sides. Figure 10 shows the specific volume flow for this load case at a de-
formed gap height ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 μm. If the surfaces move perpendicular (⊥) to the 
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grinding direction, the roughness valleys transport more fluid than if they move par-
allel (||) to the surface structure.  

 
Figure 10: Specific volume flow for the shear flow simulation at ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 2.06 𝜇𝜇𝜇𝜇 

If the EPDM cord rubs perpendicular to the grinding direction, the surface topography 
hinders the fluid so it enters the lubrication gap. At the same time, the surface topog-
raphy in the lubrication gap impedes the volume flow and thus supports the build-up 
of fluid pressure. If the EPDM cord now switches between sticking and slipping, a 
lubricating film builds up. Once this has built up, the surface topography prevents the 
fluid from flowing out, resulting in a stable lubricating film. However, if the EPDM cord 
rubs in the direction of grinding (||), the cord partially pushes the fluid in front of it. 
Within the lubrication gap, the surface topography supports the volume flow. When 
alternating between sliding and sticking, a smaller lubricating film builds up com-
pared to the perpendicular movement. Furthermore, the surface structure allows the 
fluid to flow off again quickly. This is why the contact quickly switches back from 
slipping to sticking. 

 Flow Factors 
Usually the Reynolds equation (4) above describes the fluid film dynamics for smooth 
surfaces. The direct depiction of surface roughness in component simulation would 
be associated with a large computational effort due to the differences in scale (com-
ponent simulation [mm] – surface topography [μm]). Therefore, the method of flow 
factors by Patir and Cheng [10, 11] is often used to describe the influence of rough-
ness on the flow in the lubrication gap. For further illustration of this roughness influ-
ence, the flow factors are calculated below based on the previous flow simulations. 

The flow factor method extends the Reynolds equation (4) by the pressure flow fac-
tor Φp and the shear flow factor Φs. The pressure flow factor Φp scales the Poiseuille 
term of the Reynolds equation and describes the influence of the surface roughness 
on the fluid film. Additional Couette terms containing the shear flow factors Φs de-
scribe the additional fluid transport through the surface roughness. By adding the 
flow factors, the Reynolds equation is obtained as follows 
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(8) 

The pressure flow factor Φp (Equation (9)) indicates the ratio of the average specific 
volume flows of the pressure flow in the rough gap 𝑞𝑞�𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟ℎ and the pressure flow in 
the ideally smooth gap 𝑞𝑞�𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ. The average volume flow is calculated from the inte-
gration over the examined surface section Ω.  
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Based on the shear flow simulation carried out above, the shear flow factor Φs is 
calculated from the average specific volume flow and velocities of the surfaces as 
follows  

Φs =
2

𝑢̇𝑢1 − 𝑢̇𝑢2
⋅ �

1
Ω
�

ℎ3

12 ⋅ 𝜂𝜂
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 𝑑𝑑Ω
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�. (10) 

Figure 11 shows the pressure and shear flow factors depending on the sliding direc-
tion. A dashed line marks the deformed gap height ℎ𝑑𝑑𝑑𝑑𝑑𝑑 of the pressure flow simula-
tion in Figure 9. In the pressure flow simulation perpendicular (⊥) to the surface 
structure, the specific volume flow is smaller than for a flow between two smooth 
surfaces, which results in Φ𝑝𝑝 < 1. At the marked deformed gap height ℎ𝑑𝑑𝑑𝑑𝑑𝑑 =
2.06 𝜇𝜇𝜇𝜇, flow is barley possible because there is almost solid contact at the peaks 
of the roughness, which can also be seen from the contact area shown in Figure 8. 
The pressure flow simulation parallel (||) to the roughness results in Φ𝑝𝑝 > 1, because 
the surface topography favors the fluid. It is noticeable here that Φ𝑝𝑝 drops again for 
small gap widths. The reason for this is that the individual flow channels are blocked 
by the solid contact as the gap becomes smaller. This behavior correlates very well 
with the specific volume flows of the pressure flow simulation, shown in Figure 9. 

 
Figure 11: Flow factors for the flow parallel || and perpendicular ⊥ to grinding direction 



A07     165 
______________________________________________________________________________________________________________ 

The comparison of the shear flow factors Φ𝑠𝑠 shows that more fluid is transported in 
the flow perpendicular to the surface structure. The shear flow factor reaches its 
maximum for the flow perpendicular to the roughness at ℎ𝑑𝑑𝑑𝑑𝑑𝑑 = 3 μm and then de-
clines again due to the increasing solid contacts. 

4 Summary and Conclusion 

To investigate the influence of surface topography on stick-slip effects, a standard 
tribometer test was improved in order to better represent the tribological system of a 
lubricated dynamic seal. In addition to quantifying the stick-slip tendency of individual 
fluids, this test also enables the investigation of the influence of the surface structure 
on stick-slip effects. By rotating the surface structure, it is possible to provoke and 
prevent the stick-slip effect.  
Furthermore, contact and CFD simulations based on measured surfaces are carried 
out to check the plausibility of the results. These simulations clearly show the influ-
ence of the surface topography on the lubricating film. If the EPDM cord slides per-
pendicular to the grinding direction, the flow is prevented through the surface struc-
ture, which favors the buildup of a stable fluid film, which results in no stick-slip effect. 
If the EPDM cord slides parallel to the grinding direction, the surface structure favors 
the flow, so that the fluid can quickly flow out again during sticking and the lubricating 
film that has formed collapses, which supports the occurrence of stick-slip effects.  
By combining experiment and simulation, this work contributes to a deeper under-
standing of stick-slip effects and the influence of surface structuring on them. 
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6 Nomenclature 

Variable Description Unit 
   

𝑎𝑎 Amplitude [mm] 
𝑓𝑓 Frequency of the tribometer [Hz] 
𝐹𝐹𝑁𝑁 Normal Force [N] 
𝐹𝐹𝑅𝑅 Friction Force [N] 
ℎ Effective Gap Height [µm] 

ℎ𝑑𝑑𝑑𝑑𝑑𝑑 Deformed Gap Height [µm] 
𝑝𝑝 Pressure [MPa] 
𝑞𝑞 Specific Volume Flow [mm²/s] 
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𝑞𝑞� Average Specific Volume Flow [mm²/s] 
𝑟𝑟 Local Roughness [µm] 
𝑢𝑢 Displacement in 𝑥𝑥 –direction [mm] 
𝑢̇𝑢 Velocity in 𝑥𝑥 –direction [mm/s] 
𝑣̇𝑣 Velocity in 𝑦𝑦 –direction [mm/s] 
𝑥𝑥 Coordinate [mm] 
𝑦𝑦 Coordinate [mm] 
𝑧𝑧 Coordinate [mm] 
𝜂𝜂 Viscosity [Pa·s] 
Φ𝑝𝑝 Pressure Flow Factor [-] 
Φ𝑠𝑠 Shear Flow Factor [µm] 
𝜌𝜌 Density [g/cm³] 
𝜎𝜎 Stick-Slip Index [-] 
Ω Surface section [mm²] 
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