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Abstract— Modelling of frictional contact systems with high
accuracy needs the knowledge of several contact parameters that are
mainly related to the properties of the contact interfaces. While the
interface parameters cannot be directly obtained by performing local
measurements, the values estimated by means of
analytical/numerical models are not reliable to describe the contact
behavior, which affects in a prominent way the complex contact
phenomena. This work presents a newer approach for identifying
reliable values of the normal contact stiffness between rough
surfaces in both sliding and sticking conditions as a function of
contact pressure, surface roughness and materials. The combination
of dynamic experimental tests, on a dedicated set-up, with finite
element modelling allowed for an indirect determination of the
normal stiffness at the contact.

Keywords-- contact stiffness, dynamic test, roughness, third
body.

|. INTRODUCTION

The correct modelling of contact interfaces is a key factor
in many engineering applications that inherently include
contacts between components: e.g. joints, tire road friction [1,
2], robotic contacts, rolling bearings [2-4], brake systems [5, 6],
etc. The contact mechanics between component surfaces plays
also a key role for understanding many tribological processes
such as friction [7, 8], contact induced vibrations [7, 9-11],
adhesion and wear [12-15]. Accurate contact modelling of such
systems requires knowledge of interface contact parameters
[16-18], such as contact stiffness [19-22], which are not easily
available and completely understood.

The first works dealing with contact stiffness dealt with
analytical approach of simple elastic model using Hertzian
spherical contact. In the GW model [23] the contact interface
is considered nominally flat with single scale roughness where
the contact stiffness is obtained by statistical model.

A completely different method to measure contact stiffness is
based on ultrasonic methods where high frequency waves are
used to derive the stiffness from the interface [24]. Another
method to measure contact stiffness and damping at the nano-
scales has been presented by Asif et al [25]. A few works [26,
27] in literature are based on combined experimental and
analytical/numerical approach for indirect measurement of the
contact stiffness [28-30].

In this context the objective of the present work is the
estimation of surface contact stiffness using a newer
methodology that combines experiments and finite element
approach for an indirect measure of its value in static and
sliding condition.

Digital Object Identifier (DOI):
http://dx.doi.org/10.18687/LACCEI2019.1.1.503
ISBN: 978-0-9993443-6-1 ISSN: 2414-6390

On one hand, an experimental setup has been developed for
measuring the contact stiffness both in sticking and sliding
conditions, for different surface topographies, materials and
average contact pressures. The frequency analysis of the
system response allowed for identifying its dynamics, which is
related to both the dynamics of the considered system and the
interface contribution. On the other hand, a finite element
model of the experimental setup has been developed, taking
into account the dynamics of the system and the contact
interface contribution. Comparison between numerical and
experimental results allows for estimating the value of the
normal contact stiffness.

I1. METHOD AND MATERIALS

The proposed methodology for the estimation of the normal
contact stiffness between two materials in contact is based on a
dynamic method, developed through a combined numerical and
experimental approach (Figure 1). By an experimental point of
view, a newer setup has been designed and then used to perform
dynamic tests, controlling and identifying its dynamic response.
Afterwards, a 3D finite element model, updated and to be
representative of the experimental setup, has been utilized to
compare the numerical and experimental results for estimating
the normal contact stiffness between the considered contact

materials.
3D Finite Element
Model
4

Modal analysis

Experimental setup

J

Model

Frequency response [k

of the system

introducing K,

@ Yes

[ Estimated K. ]

Figure 1.0verview of the proposed approach for the estimation of the contact
stiffness.

Through the comparison between the results from the
numerical model and the system frequency response from
experiments, the value of the normal contact stiffness can be
estimated by fitting the numerical eigenfrequencies of the
investigated system with the results of the frequency analysis
performed on the experimental setup.
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The experimental tribometer, designed to perform the
experiments for the contact stiffness estimation, is presented in
Figure 2.
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Figure 2. Photograph (up) and scheme (down) of the setup.

The setup has been designed to perform tests as a function
of different materials (samples) in contact, different length of
the samples and a wide range of the average contact pressure up
to 1 MPa. The system is mainly characterized by a sample in
contact with a massive steel disc and loaded by the weight of a
vertical support (guide bar). In order to minimize the friction
between the massive support and the frame, along the normal
direction to the contact surface, an air guide based on air
bearings technology is used. In such a way, the vertical support
is free to vibrate in the normal direction. The experimental setup
is equipped with a DC motor and a digital motion controller in
order to perform measurements in both static and sliding
condition with a well-controlled rotational speed.

After the characterization of the geometry and mechanical
properties of the PMMA material, the samples have been
obtained machined in three different lengths. After the cutting
process, a face milling is used with a right combination of
cutting head (diameter and cutters shape), rotational and
feeding speed, allowing for obtaining a surface with desired
surface parameters in terms of Ra and topography as shown in

Figure 3. After the milling process, the specimens have been
cleaned in an ultrasound cleaning machine and then left to dry.
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Figure 3. Microscope image (up) and 1D-roughness profile (down) for
Ra=6um.

At this point, each single sample has been visually
inspected and tested with a profilometer. The specimens which
surfaces have met the roughness and planarity requirements
have been used for the contact stiffness tests.

Specimen’s Ra Slope tolerance Flatness
requirement [pm] [%o] tolerance [%o]
Ra
PMMA target 1 1
+0,2

Table 1. Requirements for the specimen used in the experiments.

A first measurement is carried out by placing the specimen
in contact between the disc surface and the guide bar;
successively, a dead mass is added on the top of the guide bar
to obtain a desired average pressure at the contact interface
between the sample and the disc. The dynamic response of the
system to an impulsive excitation (hammer impact) is recorded,
by an accelerometer placed at the top of the guide bar. The
signal of the impulsive force and the system response have been
recorded by a signal acquisition system with a sampling
frequency of 10 kHz.

On the other hand, a finite element model (Figure 4) of the
experimental setup has been developed using the ANSYS
software; in order to reduce the model size and the complexity
of the system, the numerical model includes only the disc
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assembly, the air bearing support with its guide bar and the
sample as well. The presence of the shaft and bearings, the belt
and the drive motor, and the related global dynamic
contributions, have been taken into account adding an elastic
support per unit area (Ksyppor=100 N/m?) on the base of the disc
assembly with the stiffness value calculated by updating the
model with preliminary dynamic tests.

A hexahedral-dominant mesh has been used in the numerical
model. Each 3D solid element has 16 nodes, for a total of 48
degrees of freedom. The model is composed of four main
bodies: the disc, the guide bar, the air bearing and the specimen.
For each body, a linear elastic material law has been taken into
account with the following parameters:

e Steel Disc: Young Modulus E=201 GPa, Poisson
coefficient v=0.3 and mass density p=7930 kg/m?;

e Linear air bearing (support and guide bar): Young
Modulus E=70 GPa, Poisson coefficient v=0.3 and
mass density p=2700 kg/m?,

e PMMA specimen: Young Modulus E=4.5 GPa,
Poisson coefficient v=0.4 and mass density p=1190
kg/m®;

A finer mesh has been used for the specimen meshing, while
a coarser mesh turned out to be sufficient for an accurate
description of the other bodies in the frequency range of
interest, for a total of 13884 elements in the model.
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Figure 4. 3D finite element model of the developed experimental setup and
zoom related to the sample in contact.

The updating with the experimental tests of each components
and of the whole system have been then carried out. The normal
contact stiffness has been simulated introducing in the model
an equivalent layer on the top and on the bottom of the sample
in contact with the disc. In a second step, the method has been
also validated by taking in account the contact stiffness directly
by the value of the normal contact stiffness parameter in the
penalty modelling of the interfaces. The results of the modal
analysis (frequency of the investigated mode) of the updated
numerical model have been compared with the experiments
(frequency response function) to fit as better as possible the
value of the contact stiffness. A parametrical modal analysis has
been performed as a function of the different lengths of the

sample and as a function of different average contact pressures
imposed experimentally. For the higher values of the average
contact pressure, imposed experimentally, different dead
masses are added respectively on the top of the guide bar to
account for the dynamic effect of the mass in the numerical
analysis as in the experiments.

I11. CONTACT STIFFNESS ESTIMATION IN STATIC CONDITION

An extensive measurement campaign has been conducted for
the estimation of the contact stiffness in static conditions for
PMMA cylindrical samples with diameter D=12 mm.

Three specimens for each length (L=10 mm, L=15 mm, L=20
mm) and for two values of the roughness parameter (Ra=1 pm
and Ra=6 pum) have been tested, according to the following

protocol:
e the sample is put in contact between the disc and the
guide bar;

e then the system is excited with an hammer impact on the
upper surface of the bar and the impulsive system
response along the normal direction respect to the contact
is recorded by the accelerometer;

e The frequency response function (FRF) is calculated in
order to identify the frequency of the investigated mode.
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Figure 5. (Up) Acceleration and force signals over the time recorded due to
the impact excitation for a single measurement; (down) frequency response
function of the system for different lengths of the tested samples.
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The previous step has been repeated for each of the following
average contact pressure values: 0.14 MPa, 0.25 MPa, 0.35
MPa, 0.57 MPa and 1 MPa. After performing the test with the
highest pressure, a last measurement is performed with the
lower value of the average contact pressure (0.14 MPa) in order
to verify the occurrence of residual plastic deformation at the
interface that could modify the natural frequency of the
investigated mode. The evolution of the natural frequency of
the investigated mode as a function of the contact pressure and
as a function of the sample length is reported in Figure 6. The
decreasing behaviour of the mode frequency is influenced by
the added masses, which are used to increase the average
contact pressure.
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Figure 6. Frequency of the investigated mode as a function of the contact
pressure and sample length for Ra=1 pm.

Figure 7 shows a comparison of the results between numerical
and experimental tests in terms of the natural frequency of the
investigated system mode. Figure 7 shows as the computed
contact stiffness value allowed for obtaining a good quantitative
agreement between experiments and numerical results in the
case of an average contact pressure of 0.14 MPa and for a
surface roughness of Ra=1 pm.

With the same model and same boundary conditions used in
the previous case, the default penalty contact stiffness value
(k=6¢13 Pa/m) calculated by the software (ANSYS) has been
introduced in the model. The comparison with the experiments
highlights a crucial difference in term of natural frequency of
the considered system mode, confirming the unrealistic values
of the contact stiffness computed in the commercial codes,
which lead to completely wrong results, overestimating the
frequency of the system mode.
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Figure 7. Experimental and numerical results for PMMA samples and for
surface roughness of Ra=1pm and average contact pressure of P=0.14 MPa.

For the contact stiffness estimation, the numerical contact
stiffness has been updated, for both Ra= 1 pm and Ra=6 pm
(Figure 8) and for each average contact pressure. Varying the
contact stiffness parameter used in the penalty method to
describe the contact interface, it has been possible to fit the
value of the natural frequencies for each combination of
specimens, average contact pressure and surface roughness
parameter (Ra).
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Figure 8. Experimental and numerical results for PMMA samples and for
surface roughness of Ra=6pm and average contact pressure of P=0.14 MPa

Figure 9 shows the trend of the contact stiffness as a function
of the average contact pressure for both surfaces of Ra=1 um
and Ra=6 pm. The figure highlights how the contact stiffness
value increases as a function of the average contact pressure for
both roughness parameters, as found in the literature by
analytical and simplified numerical models [23, 26]. As
expected, a difference in the contact stiffness value is
remarkable (Figure 6) as a function of the different surface
roughness. A lower surface roughness parameter leads to have
a higher estimated value of the normal contact stiffness as
expected.
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Figure 9. Normal contact stiffness as a function of the average contact
pressure for surface roughness of Ra=1um (blue points) and Ra=6um (black
points).

IV. PRELIMINARY RESULTS FOR CONTACT STIFFNESS
ESTIMATION IN SLIDING CONDITION

In order to perform experimental tests in sliding condition, the
disc is put in rotation, while the support is maintained fix. A
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thin holding plate has been added to the end of the guide bar in
order to avoid translation between the support and the tested
sample.

To minimize the effect on the specimen on the dynamic
response, the plate is only 0.5 mm tick and the radius of the
through-hole is larger than the radius of the specimens,
reducing the contact surface at the side of the sample. The test
was conducted according to the procedure described below:

= The system has been excited in static condition (no
rotation imposed on the disc), using the instrumented
hammer, with a single impact on the guide bar and
recording the acceleration of the system, establishing
a reference measurement needed for comparing the
subsequent tests (Figure 10);

= The drive motor has been activated, rotating the disc
at a speed of 1.5 revolutions per second, and a
sequence of impact excitations have been provided
during the sliding test (Figure 10);

= After 500 seconds, the motor has been deactivated,
arresting the motion of the disc and an impact
excitation has been given to the system again.

Figure 10 shows a preliminary sliding test performed with
PMMA sample with length h=10mm, an imposed average
pressure of 0.35 MPa for a surface roughness of Ra=1 pm. The
first curve in the figure represents the signal of the excitation
force given to the system during the entire test. The second
curve represents the acceleration response of the system to the
impulsive excitation performed during the test. The blue curve
represents the FFT of the acceleration signal related to the first
impulsive excitation (no rotation of the disc), where the system
is fixed (static condition). On the other hand, the orange curve
is related to the FFT of the acceleration signal due to the
impulsive excitation during the sliding test (rotation of the disc)
at around 90 s, as shown in the Figure 10. The comparison of
the two spectrum curves shows a slight increasing of the
investigated mode frequency and therefore an increasing of the
related contact stiffness, which can be associated to the
evolution of the topography of the contact interface in term of
roughness and third body layer.

The performed tests allowed for investigating the evolution
of the contact stiffness during the entire sliding tests as shown
in Figure 11. The behaviour of the contact stiffness, highlighted
in the figure is characterized by a fluctuation of the contact
stiffness that could be attributed to the evolution and
modification of the contact interface. Figure 12 shows the
topography of the contact surface at the end of the test. The
surface is characterized by evident traces of the frictional
sliding with accumulation of the third body at the edge of the
sample.

Further tests are planned as the next steps of this work. The
effects of the material, roughness, imposed rotational velocity

and third body layer will be investigated for the sliding
configuration.
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Figure 10. From top to bottom: signal force (hammer impact), acceleration
response and spectrum of the acceleration for the static condition (1s) and
sliding condition (90s).
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Figure 11. Evolution of the contact stiffness in static and sliding condition.
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Figure 12. Surface topography related to the sliding surface in contact with the
steel disc at the end of the sliding test.

17" LACCEI International Multi-Conference for Engineering, Education, and Technology: “Industry, Innovation, And
Infrastructure for Sustainable Cities and Communities”, 24-26 July 2019, Jamaica. 5



V. CONCLUSIONS

The quantitative estimation of contact stiffness between
two bodies in contact represents a significant improvement in
the numerical modelling of dynamic frictional systems. To
achieve such a result, an experimental and numerical procedure
has been developed, allowing to investigate the contact stiffness
evolution with the main contact parameters, obtaining
consistent and reproducible results.

In frictional contact systems, the real contact stiffness is a
function of several operational parameters (roughness, contact
pressure, third body rheology) and affects both the global
dynamic response of the system and the local contact behaviour
(stress and strain at the contact interface). The developed
approach allows for estimating the contact stiffness in sticking
and sliding conditions under well controlled parameters, useful
to be introduced into finite element modes for both static and
dynamic contact simulations, such as, for example, CEA and
nonlinear transient analysis for brake squeal prediction.
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