
Elastohydrodynamic Simulation of
Pneumatic Sealing Friction Considering 3D
Surface Topography

This contribution presents an elastohydrodynamic lubrication (EHL) model for
pneumatic spool valves. For an accurate estimation of the transient friction of this
tribological sealing system, the surface topography of the cylindrical sealing coun-
terfaces of the valve housings are measured and analyzed with an optical surface
measurement instrument. Based on the surface topography data, tribological
properties and flow factors of the system are derived. It has been found that the
consideration of the surface topography has a significant influence on the simula-
tion results of the EHL model, lowering the calculated friction force by up to
20 %.
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1 Introduction

1.1 Motivation

The frictional behavior of seals determines the functional
behavior in many applications. Translational pneumatic seals
are widely used in pneumatic switching elements. However, the
precise functional relationships between the frictional behavior
and the characteristic properties of the components and mate-
rials used are still unknown. The frictional behavior varies with
the many different operating conditions found in practice, so
that large series of experiments would have to be conducted to
accurately describe the dynamic of the seal. However, empirical
investigations are time-consuming and expensive. For this rea-
son, an elastohydrodynamic lubrication (EHL) simulation
model was modified for the calculation of translational pneu-
matic seals and extended to include the corresponding material
and component characteristics.

The aim of the procedure is to calculate and predict the fric-
tion of the valve. These results can be used to improve the sys-
tem behavior of pneumatic elements and to compensate for
changes in the system based on the current system state. In the
presented investigation, the influence of the anisotropic surface
structure implemented by the flow factors as proposed by Patir
and Cheng [1, 2] shall be determined. In [3], it has been shown
for hydraulic sealing contacts that the flow factors can have a
negligible or a rather important influence on the calculated
friction force depending on the operating conditions and the
contact partners. Therefore, in this contribution it is investi-
gated if the consideration of flow factors has a significant influ-
ence on the simulation result for a sealing contact within a
pneumatic spool valve. Based on this study, it can be decided
whether the anisotropy of the surface roughness has to be con-

sidered for a simulation model of the investigated sealing con-
tact or whether a simplified characterization of the contact
partners without the calculation of flow factors provides results
of comparable accuracy.

1.2 Pneumatic Valves

Fig. 1 shows a sectional view of a pneumatic spool valve. It con-
sists of a spool within a housing with several ports. In pneu-
matic systems, these valves are used to control the air flow be-
tween components.

During operation, the spool moves within the housing actu-
ated either with a solenoid or pneumatically by the pilot valve.
The position of the spool determines which ports are con-
nected to or disconnected from each other. To prevent internal
and external leakage, two different kinds of seals are placed on
the spool. The inner seals (1) make or lose contact to the hous-
ing depending on the position of the spool and are employed
in the switching operations to open or close the respective air
ports. The two outer seals (2) are always in contact with their
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counter surfaces and seal the pressurized air against the envi-
ronment. During operation, the relative movement of the seals
on their respective counter surfaces causes friction. The aim of
the presented research is the calculation of the friction within
the contact between the housing and the inner seals (1).

2 Materials and Methods

2.1 Research Approach

To describe the transient seal friction in the valve system, an
EHL simulation model is used. To achieve a modeling of the
system that is as realistic as possible, the system components
are comprehensively characterized with regard to their proper-
ties before modeling. This specifically includes the measure-
ment of the surface characteristics of the contacting cylindrical
valve housing surfaces.

2.2 Specimen and Preparation

The project partner company provided six identical valve hous-
ings, which were specifically manufactured for the investiga-
tions to be carried out within this analysis. Each housing has a
total of six cylindrical sealing seats inside the housing bore, on
which the connections between the corresponding ports are
switched. To reach the cylindrical surfaces by means of an opti-
cal surface measuring instrument, three of the housings were
cut open in longitudinal horizontal section and the other three
in longitudinal vertical section, using a diamond
wire saw. This way, 6 ·6 ·2 = 72 cylindrical sur-
faces were created to be characterized metrologi-
cally (see Fig. 2).

Each cylindrical surface is measured on two
halves of the housing each. This allows the poten-
tial scattering of the surface properties to be con-
sidered. The two corresponding cylindrical surfaces
are referred to according to the type of the separa-
tion cut with the designations ‘‘c’’ and ‘‘d’’ or ‘‘e’’
and ‘‘f’’ as well as with a surface number from 1 to
6. The two outer surfaces 1 and 6 are in steady con-
tact with the outer seals marked with (2) in Fig. 1.
The surfaces 2 to 5 form the counter faces for the
inner seals marked with (1) in Fig. 1 and are thus
in the focus of this analysis.

2.3 Surface Measurement –
Methods and Equipment

To measure the cylinder surfaces, a white
light interferometer (WLI) type NPFLEX-
LA from Bruker was used. All six cylinder
surfaces of each valve housing were mea-
sured in the cylinder base with a rectangu-
lar measuring area, stitched together from
several individual measurements. A 10·
Linnik interferometer objective was used,
whose working distance enables the mea-
surement of the samples without further

sample preparation. The measurement resolution is 0.64 mm in
lateral direction. An exemplary illustration of a cylinder hous-
ing with assigned representations of surface topographies is
displayed in the Supporting Information (Fig. S1).

For the evaluation of the measurement data and the compu-
tation of surface parameters, the software Mountains Map
from Digital Surf was used. The evaluation procedure is shown
afterwards in Fig. 3. For the comparative analysis of the surface
properties, an evaluation area of 0.3–1.8 mm was defined,
which is first cut out from the respective raw data. A second-
order polynomial fit to the surface topography is applied to fil-
ter the cylindrical shape of the measurement data. Since WLI
measurement data tends to exhibit measurement artifacts, such
as spikes and batwings, the evaluation considers a core area of
the surface material ratio of 0.5–99.5 % of the areal material
ratio curve. This is achieved via a threshold filter.

Non-measured data points are filled via a spline interpola-
tion. A further median filter reduces high-frequency measure-
ment artifacts. Based on this evaluation procedure, three-
dimensional surface parameters are derived. Additional two-
dimensional parameters are derived from further extracted
profile traces in axially direction. To match a standardized filter
cut-off wavelength of 0.25 mm, the profile traces are limited to
an evaluation length of 1.25 mm.

2.4 Simulation Model

For modeling the pneumatic seal in the spool valve, the simula-
tion model ifas-DDS [3] is used. The monolithic simulation
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Figure 1. Pneumatic spool valve. Picture provided by courtesy of Festo [4].

Figure 2. Preparation of cylinder valve housings for optical measurement.
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model is based on the commercial FEM-software Abaqus [5]
extended by user subroutines to implement the hydrodynamic
pressure buildup and custom solid contact behavior. The fluid
pressure within the sealing contact is modeled using the Rey-
nolds equation solved by a finite difference scheme. In the past,
the model has been used to calculate the friction force of recip-
rocating hydraulic seals [6] and macroscopic wear geometries
[7]. The ifas-DDS contains the Jakobsson-Floberg-Olsson cavi-
tation model [8, 9] using the implementation according to
Woloszynski [10] to model the influence of cavitation. Further
details of the implementation are given in [11].

2.5 Implementation of Surface Roughness

The surface roughness is considered by the simulation model
in two different ways. First, the roughness has an effect on the
solid contact mechanics, which describe the normal and tan-
gential force at each node in contact. These forces can be calcu-

lated if the functions of solid contact pres-
sure pc

1) and the real area of contact Areal

are known for each separation h. Second,
the roughness also affects the lubrication
and the fluid pressure within the contact
since the structure of the surface roughness
influences the lubricant flow. This can be
taken into account by the flow factor model
as described by Patir and Cheng [1, 2].

For an axisymmetric case, this approach
introduces two flow factors into the Rey-
nolds equation. The first one is the pressure
flow factor Fp, which characterizes how
the pressure flow is affected by the surface
structure by scaling the Poiseuille flow term
of the Reynolds equation. For surface struc-
tures oriented in the direction of the pres-
sure gradient this factor is higher than for
structures oriented perpendicular to the
pressure flow. In contrast, the shear flow
factor Fs considers the transport of fluid
due to the movement of the roughness by
increasing the Couette term of the Rey-
nolds equation. The complete Reynolds
equation used for this contribution is given
in Eq. (1):

vrel

2
¶
¶x

1� qð Þrhþ 1� qð ÞrRaFs½ �

� ¶
¶x

1� qð Þrh3

12h
Fp

¶p
¶x

� �

þ ¶
¶t

1� qð Þrh½ � ¼ 0

(1)

The influence on the pressure buildup
for an anisotropic surface with grooves is
illustrated in Fig. 4. If the grooves on the
surface are oriented circumferentially, i.e.,
perpendicularly to the relative movement,
the pressure flow is reduced by the surface

topography. Therefore, a higher hydrodynamic pressure can be
built up in the sealing contact since the grooves effectively act
as a pressure barrier to the outside.

In addition, the shear flow is supported by the perpendicular
grooves due to the additional amount of lubricant which is
transported within the grooves. Due to the increased supply
with lubricant, the additional shear flow also supports the pres-
sure buildup in the sealing contact. For surfaces with axial
grooves, i.e., parallel to the movement, the opposite is true: the
structures support the pressure flow and reduce the shear flow,
both of which effects lower the hydrodynamic pressure in the
contact.

For calculating the flow factors, the module MicroSim of the
software Tribo-X has been used [12]. The module calculates
the flow factors with multiple EHL simulations, each for a
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Figure 3. Evaluation scheme of the optical topographic measurement data.

–
1) List of symbols at the end of the paper.
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different separation of the surfaces. For that, deformation and
pressure distribution due to an exemplary pressure gradient or
relative movement are calculated for the rough surfaces. After-
wards, the resulting shear or pressure flow are calculated and
compared to the flow between two ideally rough surfaces. The
flow factors are then chosen so that their respective correction
terms adjust the shear and pressure flow between the smooth
surfaces so that they are the same as between the rough sur-
faces. Further details on the calculation approach are described
in [13].

For the calculation of the contact mechanics and the flow fac-
tors, the rubber surface was assumed to be ideally smooth. As
for the material values, Young’s moduli of ESteel = 210 000 MPa
and ERubber = 12.5 MPa and Poisson’s ratios of nSteel = 0.3 and
nRubber = 0.5 were chosen for the steel and the rubber, respec-
tively. As input data for the simulation, sample areas of the mea-
sured surfaces with 300 ·300 points were chosen.

2.6 Simulation Setup

The presented mesh, boundary conditions, and material prop-
erties have been used in an earlier publication [14] to deter-
mine the influence of different non-Newtonian viscosity mod-
els. The following description of these parameters has been
taken from the aforementioned publication.

The sealing system was modeled as axisymmetric. Geometry
and mesh of the simulation model are depicted in Fig. 5. The
model consists of the three parts seal, housing, and spool. The
inner and outer radius of the seal in assembled condition are
about 1.4 and 3 mm with a length of about 0.72 mm in axial
direction. The geometry of the spool has been adjusted so that
there is no axial clearance between the seal and the spool to
prevent axial movement between the seal and the spool after
assembly. The chamfers on the housing were neglected.
Instead, the housing was modeled as a cylindrical surface with

constant diameter so that the seal is always
in contact to its counterface. The seal is
meshed with 6066 nodes and 5800 first-or-
der axisymmetric hybrid elements.

The number of elements for which the
Reynolds equation is solved is 200. The
housing and the spool are modeled as ana-
lytical rigid surfaces. As mentioned earlier,
the different diameters within the housing
are neglected, so that it can be represented
by a cylindrical surface. The seal is modeled

as an incompressible hyperelastic Mooney-Rivlin material with
C10 = 0 MPa and C01 = 1.78 MPa. Outside the seal, atmospheric
pressure was assumed. Cavitation was assumed to occur at a
relative pressure of –0.1 MPa.

For the contact between spool and seal the exponential con-
tact behavior in Abaqus was employed. To restrict relative
movement between the two parts, a constant coefficient of fric-
tion of m = 0.2 was applied. The normal contact pressure
between seal and housing is given by the averaged contact
pressure curve. The tangential stresses were calculated based
on the averaged real area of contact assuming a shear stress of
tcont = 1.5 MPa acting on the real area of contact. Both contact
pressure curve and real area of contact between seal and hous-
ing are presented in Sect. 3.2. For the fluid, a dynamic viscosity
of 87.2 mPa s was chosen. This corresponds to a Newtonian
approximation of the shear viscosity of the grease at 50 �C for
the chosen operating condition [14]. The pressure and shear
flow factors used are given in Sect. 3.2. To compare the influ-
ence of each flow factor individually, the simulation has been
performed once without flow factors as a reference, once for
each of the two flow factors, and a fourth time using both flow
factors.

As for initial and boundary conditions, spool and housing are
placed in radial distance from the seal so that no contact occurs.
During the first step of the simulation, the system is assembled
by moving the analytical rigids into their final positions thereby
prestressing the sealing contact, see Fig. 5 (right). In the next
step, the spool faces are accelerated with a constant acceleration
up to a velocity of 700 mm s–1 within 1.5 ms. Immediately after
reaching the maximum velocity, the acceleration is inverted
until the seal reaches a velocity of –700 mm s–1 in the opposite
direction. This process is repeated multiple times so that the
friction force reaches a steady-state oscillation.

During the first acceleration and deceleration period, much
higher friction forces happen than during the rest of the simu-
lation. This is because the lubricant film needs some time to

build up. Before that, a high amount of sol-
id friction occurs as due to the assembly in
the simulation, no lubricant is present in
the contact at the start of the simulation. It
is expected that this effect is a lot less severe
in reality, since the contact is never com-
pletely dry even after long standstill peri-
ods. For that reason, the friction is not
evaluated during the first acceleration and
deceleration period. After that period, the
friction forces were the same for all follow-
ing periods.
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Figure 4. Illustration of the influence of the flow factors.

Figure 5. Left: Mesh of the seal and measurements (mm) of the assembled seal. Right:
Stresses after assembly of spool and housing. Spool and housing are shown as lines on
the right part of the figure.
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3 Results

The results of the surface measurements and simulations are
described below. All subsequent representations of surface
parameters are shown normalized to the mean value of the spe-
cific range of values.

3.1 Surface Topography Measurement

Fig. 6 illustrates one exemplary three-dimensional surface
topography of a valve housing, prepared according to the proce-
dure displayed in Sect. 2.3, in detail. The surfaces are manufac-
tured with a turning process, which can be seen clearly by the
axially periodic surface structure. The pneumatic seal is there-
fore moved in operation mainly in an orthogonal direction to
the structure orientation. In addition to the roughness and wav-
iness of the surface, the periodicity of the rotational structure
must therefore be explicitly considered for further studies.

The structure periodicity of all measured surfaces, which can
be evaluated, e.g, with the roughness parameter Rsm shown in
Fig. 7a, are extremely well reproducible. The relative deviations
of the individual values to the group mean range from –2 to
4 %. The manufacturing process is thus optimally controlled
with regard to axial feed. In terms of surface roughness, shown
by the Rz values in Fig. 7b, there are some fluctuations with
normalized values of Rz between 0.85 and 1.14 (corresponding
to a relative deviation of approx. ±15 %). This can, however, be
regarded as normal, since Rz values generally tend to have a
higher scatter as stronger averaging parameters such like Ra.
The Ra values, illustrated in Fig. 8, show a slight difference in
the surface roughness of the surfaces 1–3 to the surfaces 4–6,
what can be seen particularly well by the normalized represen-
tation at this point. Nevertheless, the surface roughness of all
measured surfaces can be regarded as highly comparable so far.

An advantage of 3D surface parameters can be seen when
looking at the normalized Sz values of the measured surfaces,
shown in Fig. 8. The specifications of the 3D parameters (DIN
EN ISO 25178) allow a wide scope for the evaluation of mea-
surement data. There are no exact regulations regarding the fil-
tering. This is to be developed rather application-dependently.
The Sz value displayed here is calculated as the height differ-
ence of the measured values considered over the entire evalua-
tion area of 0.3 ·1.8 mm. No filtering into roughness and
waviness is carried out, which means that the parameter corre-
sponds more to the Pt value in the classic roughness evaluation,

but with the difference that significantly more measured values
are included via an areal analysis, and the values are therefore
statistically better founded.

The Sz values thus represent the primary surface and show
that the surfaces though very reproducible in terms of rough-
ness, exhibit some differences with regard to long-wave, higher
amplitude structure components. The normalized Sz parameter
shows values between 0.81 and 1.32, which is a relative devia-
tion from –19 to 32 %. The range is above the previously shown
Rz values and indicates that some of the surfaces exhibit wavi-
ness structures. This can be seen quite clearly in the surfaces
presented in Fig. 6. If roughness parameters were considered
exclusively, as is often the case, this existing spread would not
be evident. An additional consideration of waviness or primary
profile characteristics would be necessary. Three-dimensional
measurement data enables the evaluation of all surface proper-
ties at once. The data is thus provided and evaluated as
required.

3.2 Calculated Model
Parameters

It has been demonstrated that all
measured surfaces in general show
similar characteristics concerning
the surface roughness and the fre-
quency of the periodical surface
structure. For that reason, a single
valve housing has been chosen for
further investigation. Based on the
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Figure 6. Three-dimensional surface topography of one exemplary cylinder surface.

a)

b)

Figure 7. Normalized mean values of Rsm (left) and Rz (right) of
two measured housing halves for each cylinder surface, mea-
surement data obtained by optical surface measurement (WLI).
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given range of Sz values of the measured specimen as shown in
Fig. 8, specimen B03 has been selected as representative, since
its values are close to the average of all measurements. Since
only small 300 ·300 sample areas are used for the calculation
of the simulation input, five different positions have been cho-
sen on two surfaces of the valve to average the surface charac-
teristics.

In the following figures, these samples are referenced by the
number of the surface as defined in Fig. 2 followed by the num-
ber of the sample on the surface (e.g., Surf.3-1 was calculated
based on the first sample of surface 3). For averaging, the arith-
metic mean value of all measurements was calculated for each
separation. If no data was given for a certain separation, cubic
interpolation was used. The curves of nominal contact pressure
pc and the fraction of the real area of contact Areal as functions
of the separation h are shown in Fig. S2.

The results for the pressure flow factor Fp and the shear flow
factor Fs and their respective average curves are presented in
Fig. 9. For all figures within this paper, the separation is defined
as the distance between the mean lines of the deformed contact
surfaces. Since the pressure flow factor is smaller than 1 for most
separations, the pressure flow is in general expected to be ham-
pered by the asperities. This is in line with the expectations as
due to the manufacturing process the surface has a clearly visible
structure perpendicular to the direction of the pressure gradient.

3.3 Simulation Results

Fig. 10a shows the total friction force (solid lines) and its com-
ponents, the fluid (dotted) and solid friction force (dash-dotted

line), for the simulation without flow factors and with both
flow factors. For a better comparison, all friction forces in this
contribution have been normalized by division with the maxi-
mum of the friction force F0 without flow factors. The solid
friction is considerably higher than the fluid friction and shows
a hysteresis around the center which is also visible for the
total friction force. Comparing the simulations with and
without flow factors it can be seen that the inclusion of flow
factors reduces both components of the friction force. Overall,
the maximum of the total friction force gets reduced by up to
20 %.

Fig. 10b shows the separation in the sealing contact at the
maximum relative velocity nrel = 700 mm s–1. The largest sepa-
ration is predicted with the simulation including both pressure
and shear flow factor. When considering each flow factor indi-
vidually, both pressure and shear flow factor lead to roughly
similar separations in the sealing contact at the maximum
velocity.

To investigate the effects of each flow factor individually, two
additional simulations were executed: one of them using only
the pressure flow factor Fp, the other simulation using only the
shear flow factor Ft. The calculated friction forces are indi-
cated in the Supporting Information. A comparison yields that
the inclusion of either flow factor reduces the total friction
force. The reduction at nrel = 700 mm s–1 is nearly the same for
both flow factors. However, for lower velocities, the reduction
of the friction force in the simulation with the shear flow factor
is considerably lower. The increasing effect of the shear flow
factor for higher velocities can be explained by Eq. (1) since the
term introducing the shear flow factor is proportional to the
relative velocity.
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a)

b)

Figure 8. Normalized mean values of Ra (a) and Sz (b) of two
measured housing halves for each cylinder surface, measure-
ment data obtained by optical surface measurement (WLI).

a)

b)

Figure 9. Calculated values and averages for pressure (a) and
shear flow factor (b).
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4 Summary and Conclusion

This contribution presents an EHL simulation of the friction of
the sealing contact within a pneumatic spool valve considering
the surface topography of the counter surface. First, the surface
topography was obtained through optical measurement. Using
the measurement data, the tribological properties of the system
such as normal contact pressure, real area of contact, and flow
factors were calculated. Based on these properties, an EHL sim-
ulation of the contact was performed to quantify the influence
of the surface topography represented by the flow factors.

It has been found that the usage of both, the pressure and
the shear flow factor, leads to a significant decrease in friction
force by up to 20 % which can be attributed to an improved hy-
drodynamic pressure buildup within the contact and thus a
larger average separation. Therefore, it can be concluded that
the surface topography has to be considered for an EHL simu-
lation of the investigated sealing contact of a pneumatic spool
valve in order to obtain accurate results of the friction force.

As a next step, it is planned to calculate the contact proper-
ties also for other measured surfaces and to compare the results
obtained by TriboX to the results obtained by the contact
mechanics theory of Persson [15, 16]. In addition, a test rig is
currently under construction which will be used to compare
the simulated friction forces to experimental measurements of
the tribological system.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/ceat.202200471.
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Symbols used

Areal [%] real area of contact
C10, C01 [MPa] Mooney-Rivlin parameters of the

seal (for the FEM)
ERubber [MPa] Young’s modulus of the seal (for

calculation of the flow factors)
ESteel [MPa] Young’s modulus of the counter

surface (for calculation of the flow
factors)

F0 [N] maximum of the total friction force
for the simulation without flow
factors

h [mm] separation in the sealing contact
p [MPa] fluid pressure in the sealing contact
pc [MPa] normal contact pressure
Pt [mm] total profile height of the primary

surface profile
Ra [mm] arithmetic mean deviation of the

roughness profile
Rq [mm] root mean squared roughness
Rsm [mm] mean width of the roughness

elements
Rz [mm] average roughness depth
Sz [mm] maximum height difference
t [s] time
nrel [mm s–1] relative velocity in the sealing

contact
x [mm] coordinate in axial direction

Greek letters

h [Pa s] viscosity of the lubricant
q [–] cavity fraction
lC [mm] cut-off wavelength Gaussian

roughness filter
m [–] constant coefficient of friction

between seal and spool
nRubber [–] Poisson’s ratio of the seal (for the

calculation of the flow factors)
nSteel [–] Poisson’s ratio of the counter

surface (for the calculation of the
flow factors)
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a)

b)

Figure 10. (a) Calculated total friction (solid lines), solid friction
(dash-dotted lines), and fluid friction (dotted lines). (b) Separa-
tions h at vrel = 700 mm s–1 for different flow factors.
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r [kg m–3] density of the lubricant
tcont [MPa] shear stress acting on the real area

of contact
Fp [–] pressure flow factor
Fs [–] shear flow factor

Abbreviations

EHL elastohydrodynamic lubrication
ifas-DDS dynamic sealing simulation model at ifas
WLI white light interferometer
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