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A B S T R A C T

Turbomachinery and other jointed structures are carefully designed to optimise their dynamic response and
prevent unwanted high-cycle fatigue failures due to vibration. Advanced numerical models are employed
to predict the often nonlinear dynamic responses, but their reliability is partially limited by the lack of
understanding of the friction mechanisms between the vibrating contact interfaces. Although several high-
frequency friction rigs have been developed at different institutions to measure contact parameters such as
friction coefficient and contact stiffness, a lack of direct comparisons prevents a throughout understanding.
To address this issue, a comparison of these contact parameters has been performed by employing the high-
frequency friction rigs of Imperial College London and Politecnico di Torino. A test plan was designed to cover
a wide experimental space by testing the friction rigs to their limits and measuring hysteresis loops under a
range of normal loads and displacement amplitudes at room temperature. Measurements from the two very
different experimental setups are compared, showing a good level of agreement for the friction coefficient,
but also highlighting some differences, especially for the contact stiffness. New insights are provided into
the physics of these contact parameters and specific guidelines are given to improve contact models used for
nonlinear dynamic analysis.
1. Introduction

Many engineering structures employ friction joints to connect com-
ponents, facilitating the assembly and guaranteeing structural integrity.
Under vibration, the friction joints can impact the dynamic response
of the jointed structure [1]. For example, they dissipate energy that
results in a beneficial reduction of vibration amplitudes but can also
induce wear [2–4], which is detrimental for the contacting components.
Both these effects are strongly nonlinear with the excitation amplitude.
Friction joints can also impact the resonant frequencies because of the
additional contact stiffness associated with relative motion between
the contacting components, which is also a nonlinear function of the
excitation amplitude. These strong nonlinear effects on the dynamic
response might result into unexpected stresses in the structure, which
can eventually lead to high cycle fatigue failures of components [5].
It is therefore important to correctly model the behaviour of friction
joints under vibration, with the aim of optimising their performance
(more damping, better repeatability, more robustness [6]), understand-
ing their wear behaviour and predicting correct resonance frequencies.
Many of the current modelling approaches base their predictive capa-
bilities on the discretisation of the contact interfaces [1,7] and on the

∗ Corresponding author.
E-mail address: a.fantetti@imperial.ac.uk (A. Fantetti).

use of hysteresis loops to capture the underlying friction mechanisms
across the interface [8], namely stick, slip and separation contact
states. Such contact states drive nonlinear phenomena such as energy
dissipation and contact stiffening that have a major impact on the
dynamic response of the structure, e.g. by changing its damping and
resonance frequencies. Contact parameters such as friction coefficient
and contact stiffness are required to accurately represent these contact
states, but their modelling is challenging due to a lack of high-quality
validation data from the contact interfaces [4]. It is in fact challenging
to experimentally capture what is happening locally at the interface
during high-frequency vibration without interfering with the contact
interface itself. This lack of validation data prevents the development
of fully-validated and predictive modelling approaches and, as a result,
expensive physical testing is required to assess the performance and
reliability of new designs.

Several experimental techniques have been developed to measure
the contact states and their characterising contact parameters. Some
experimental techniques enable direct access to the contact inter-
faces, such as ultrasound measurements that are based on acoustic
waves propagating through contacting components [9–14], or optical
vailable online 5 December 2023
301-679X/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.triboint.2023.109158
Received 15 October 2023; Received in revised form 22 November 2023; Accepted
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

30 November 2023

https://www.elsevier.com/locate/triboint
http://www.elsevier.com/locate/triboint
mailto:a.fantetti@imperial.ac.uk
https://doi.org/10.1016/j.triboint.2023.109158
https://doi.org/10.1016/j.triboint.2023.109158
http://creativecommons.org/licenses/by/4.0/


Tribology International 191 (2024) 109158A. Fantetti et al.

i
p
a
o

measurements based on laser illuminating transparent materials in
contact [15–19]. These techniques provide however only partial in-
formation about the interface parameters. Ultrasonic measurements
cannot determine whether changes in the contact states are induced
by load variations in the normal or in the tangential/sliding direc-
tions [13], while optical measurements only provide information on
contact interfaces of transparent materials, thus not being applicable
to common metal-to-metal dry friction joints. Other techniques obtain
information from metallic contacts indirectly, e.g. by measuring the
global dynamic response of the jointed assembly [20–31], leading
to a global representation of the joint in the structure, without a
detailed knowledge of its physical behaviour. Most of these studies
either calibrated the numerical dynamic responses to match the experi-
mental ones or investigated the effects of variations of contact stiffness
and friction coefficient on the global dynamic forced response. The
shortcoming of those global measurements is that contact parameter
estimations strongly depend on the particular dynamics of the investi-
gated assembly and are thus not easily transferable to other load cases
or other structures [28].

Given these limitations, the most common way to provide the input
contact parameters for explicit nonlinear dynamic analysis is based
on the traditional force–displacement measurements, i.e. hysteresis
loops1 [8]. Several research groups conducted a variety of experiments
in the past decades to measure hysteresis loops [35–43] leading to
a wide range of available input data for nonlinear models. Most of
these studies performed measurements at low excitation frequencies
or focused only on the friction coefficient and not on the contact
stiffness, which is an important contact parameter for the nonlinear
dynamic analysis of jointed structures. For nonlinear dynamic analysis,
hysteresis loops are preferably measured at high frequencies similar
to those experienced by the studied structures, by using purposely de-
signed test rigs [44–54]. Those rigs provide also accurate displacement
measurements with optical non-contact techniques based on either
Laser Doppler vibrometer (LDV) measurements [44,45,47] or digital
image correlation (DIC) with high-speed cameras [46,55–59]. Both LDV
and DIC measurements have been used to monitor the motion of the
boundaries of friction joint interfaces during a vibration cycle, making
it possible to observe several contact phenomena, such as stick–slip
transition at the edges of the contact, opening and closing of the contact
and identification of permanent gaps. The main limitation of hysteresis
measurements is however that measurement points are not located
exactly on the interface but tens of micrometres far from it, on the
side of the contacting components. Therefore, they only provide one-
or two-dimensional information from the edge of the contact interface,
without providing any insight into the behaviour of the central part
of the contact. The information on the full contact behaviour is then
still relying on numerical models to predict what is happening inside,
with only a few validation data coming from experimental evidence at
the edges. As a result, high reliability is required in hysteresis measure-
ments to prevent major errors in simulations. The reliability of existing
measurements is however partly limited by the individual capabilities
of the high-frequency test rigs available at different institutions. These
friction rigs do not often cover all measurement ranges of interest. In
addition, a lack of direct comparisons between different rigs and a lack
of a standardised approach for conducting measurements leads to low
confidence in the measured parameters.

The objective of this work is to compare and discuss the reliability
of contact parameters measured with different test rigs in different
laboratories, to obtain a better understanding of their reliability and

1 Note that, to measure the friction coefficient, many other methods ex-
st [32], including pin on disc, weights hanging on a pulley, tilting of inclined
lanes, deflection of a pendulum or a spring and so on. Other friction analyses
re related to earthquakes, which have long been recognised as being the result
f stick–slip frictional instabilities [33,34].
2

new insights on the physics of contact mechanisms. To this end, a com-
prehensive round robin test is performed on two high-frequency friction
rigs at Imperial College London [44] and Politecnico di Torino [45],
hereafter referred to as Imperial and PoliTO, respectively. The round
robin test consisted of recording comparable hysteresis loops on spec-
imen pairs manufactured from the same batch of raw stainless steel.
Tests were performed at room temperature under a wide range of test
conditions, including different normal loads, displacement amplitudes,
and nominal areas of contact providing a set of values of friction coef-
ficient and tangential contact stiffness. Experimental results are open
data, available in [60] for use by the scientific community. Insights
into the physics are also given and recommendations are provided to
improve contact models used for nonlinear dynamic analysis.

The paper is organised as follows. Section 2 briefly describes the
physics of the hysteresis loops and the friction rigs used in the exper-
imental campaign, underlying their differences and similarities. Sec-
tion 3 details the test plan, the specimens geometries and the post-
processing of the measured data. Section 4 shows the measured hystere-
sis loops and how wear affects their evolution. Section 5 compares the
contact parameters obtained from the two friction rigs, discussing the
role of the worn area of contact, the normal load and the displacement
amplitude. A guideline for providing accurate input contact parameters
for nonlinear dynamic analysis is reported in Section 6. The closure
in Section 7 summarises the experimental findings and highlights the
reliability of the measured contact parameters for nonlinear dynamic
simulations.

2. Hysteresis loops and friction rigs used for the round robin test

The round robin focuses on the measurement of hysteresis loops,
which are the cyclic load–deflection curves that plot the friction force
against the relative displacement occurring between two oscillating
contact interfaces. Fig. 1a shows a typical hysteresis loop, which is
characterised by the following contact states:

• Stick state occurs right after the reversal of motion, 1⃝→ 2⃝ or
4⃝→ 5⃝. In this contact state, the tangential contact force is lin-

early related to the relative displacement via the tangential con-
tact stiffness 𝑘𝑡. The tangential contact stiffness can be obtained
from the measured slope and is due to the elastic deformation
of the micro-asperities at the contact interfaces [61] and the
bulk elastic deformation at the macroscopic contact scale [62].
The tangential contact stiffness is an important parameter for the
accurate prediction of the dynamic response of jointed structures,
since it might strongly affect the resonant frequencies of the
system [63].

• Microslip occurs during the transition between the stick regime
and the gross slip regime, 2⃝→ 3⃝ or 5⃝→ 6⃝, and is due to a
partial slip at the contact interfaces because a portion of the area
of contact is still stuck (i.e. asperities elastically deform) while
the remaining portion starts to slip. It appears with a progressive
flattening of the tangential contact force before it transitions to
gross slip.

• Gross slip occurs when the whole contact interface experiences
a full relative sliding motion, 3⃝→ 4⃝ or 6⃝→ 1⃝. During gross
slip, the friction force is approximately constant, although non-
Coulomb friction conditions can sometimes occur [64–66], and
is equal to the friction limit μN, where 𝜇 and 𝑁 are the friction
coefficient and the normal load respectively. Mainly during gross
slip the hysteresis loop dissipates energy, which is quantified
by the area inside the loop itself. This dissipated energy is an
important parameter for the nonlinear dynamic analysis, since
it affects the damping, and hence the response amplitude of the
system, but also drives the wear of the interfaces. The gross slip
regime is also referred to as macroslip.
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Fig. 1. A typical hysteresis loop: (a) physical meaning; (b) Force and displacement vs time. 𝜇 is the friction coefficient, 𝑇𝑠𝑙 is the friction force during gross slip, 𝑁 is the normal
load and 𝑘𝑡 is the tangential contact stiffness.
• Separation occurs when the normal load becomes zero and the
contact interfaces detach (not shown in Fig. 1). In that case, no
tangential contact force is transmitted, but energy can still be
dissipated due to impacts between the interfaces.

It is important to accurately predict these contact states, as they
strongly affect the structural dynamic response in terms of both stiffness
and damping. For example, the higher the amplitude of slipping, the
greater the energy dissipated by the frictional force since the area
of the loop increases, although the loss factor is not monotonic with
amplitude, as measured in [67]. At the same time, an increase in the
amplitude of slipping also reduces the apparent stiffness of the system
and the linear relationship (𝑇 = 𝑘𝑡 ⋅ 𝑥) does not hold anymore.

In this study, hysteresis loops were measured from the two different
high-frequency friction rigs at Imperial College London (Imperial) [44]
and Politechnico di Torino (PoliTO) [45], which are shown in Figs. 2
and 3 respectively. Only a short description of the rigs is provided
here, and for more information the reader is referred to the above
references. Although their setup is quite different, the general idea
behind the measurement is similar. Both rigs are excited harmonically
with a shaker and generate an oscillating sliding motion between two
contacting specimens. In the Imperial rig, one specimen is clamped
to a moving block (see moving mass and moving arm in Fig. 2). As
vibration begins, the specimen rubs over another specimen clamped to
a static block (see static arm in Fig. 2). The moving block is connected
to the ground by means of two very flexible leaf springs that enable
large horizontal displacements when the block is excited by the shaker.
Also in the PoliTO rig, one specimen is clamped to a moving block
connected to the ground by means of leaf springs (see mobile specimen
support in Fig. 3). However, the second specimen is not clamped to
a static block, but to a more flexible holder that enables a contact
self-alignment of the specimen interfaces (see self-alignment specimen
support in Fig. 3). In both rigs, the relative displacement between the
specimens is measured with Laser Doppler Vibrometers (LDVs) pointing
very close to the contact interfaces to minimise the bulk deformation
compliance. The high accuracy of the LDVs enables to measure the
relative displacement between the two specimens with up to 0.05 μm
accuracy. The tangential friction force transmitted at the contact is
measured with dynamic load cells that connect the specimen holders
to the ground. Specimens are held in contact by applying a normal
load, with a pneumatic actuator in the Imperial rig and with dead
3

weights in the PoliTO rig. Table 1 summarises the operating regimes
of the rigs. In addition to the slightly different operating ranges, the
rigs present two main design differences leading to several advantages
and measurement challenges discussed throughout the article:

• Contact approach: rigid alignment vs self-alignment. The Imperial
rig employs a classic rigid body contact approach, in which one
mobile specimen moves rigidly towards a restrained specimen,
only along the pre-defined normal direction in this rig. By using
this technique, the area of contact strongly relies on the tolerance
of the specimen contact interfaces, which, if not perfectly parallel
to each other, will most likely give a point/line contact as shown
in Fig. 4a. To transform the initial point contact into a flat
distributed contact, several hysteresis cycles are required until the
point contact extends to surface contact due to wear (see Fig. 4b).
This approach leads to easy mounting and assembly, but it re-
quires high-tolerance interfaces to guarantee a fully distributed
flat contact, at least at the beginning of the test. If high-tolerance
interfaces are not achievable, a certain running-in is required
to establish a distributed contact. In contrast, the PoliTO rig
uses a self-alignment system for the specimens, which avoids the
possibility of point or line contacts. Self-alignment is achieved
by introducing two additional degrees of freedom (rotations) as
shown in Fig. 4c–e. In this case, the specimens are self-adjusting
to each other as long as contact occurs on at least three points that
define the contact plane (a detailed description of this mechanism
can be found in [45]). A disadvantage of this contact approach
is that the mounting procedure is more challenging and time-
consuming than the procedure of a rigid approach. By nature, this
system also provides more mounting flexibility, which can make
an accurate stiffness measurement more challenging.

• Contact geometry: one-leg contact vs two-leg contact. Because
of the self-aligning system, PoliTO specimens employ a two-leg
contact interface, as shown in Fig. 3d to ensure stability, while the
Imperial rig employs a simpler one-patch square contact interface,
as shown in Fig. 2b. Both contacts are nominally flat in this study.

3. Round robin test description

A large test matrix was designed to record hysteresis loops at room
temperature for a wide range of test conditions. The test matrix is
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Fig. 2. (a) Imperial friction rig [14]; (b) Imperial specimens: one-patch square contact.
Fig. 3. PoliTO friction rig [45]: (a) overall view; (b) floating self-aligning specimen support; (c) mobile specimen support excited by means of the shaker; (d) PoliTO specimens:
contact occurs on the two legs.
Fig. 4. (a–b) Rigid body contact approach of Imperial rig; (c–e) Self-aligning contact approach of PoliTO rig [45].
Table 1
Operating regimes of Imperial and PoliTO friction rigs.

Imperial PoliTO

Operating frequency 100 Hz 175 Hz

Displacement amplitude pk-pk 0.5–25 μm 0.5–50 μmat the operating frequency

Nominal contact area 1–25 mm2 5–50 mm2

Nominal contact pressure Up to 500 MPa Up to 50 MPa

shown in Fig. 5a, and consisted of four normal loads (17, 87, 150 and
253 N), four displacement amplitudes pk-pk (1, 14, 25 and 50 μm)
and four nominal areas of contact (1, 5, 10 and 40 mm2). In order to
explore the widest possible experimental space and provide the largest
set of data, each rig was tested at the extreme loading conditions
that it could achieve. As a result, there was an overlap for 10 test
conditions (circles with both green and red colours in Fig. 5a). The
ranges of normal loads and displacement amplitudes were chosen to
4

measure hysteresis loops in all the different contact regimes, namely
full stuck,2 microslip and gross slip. The two rigs operate at slightly
different excitation frequencies (100 Hz and 175 Hz), which correspond
to the optimal excitation frequencies of each rig. A preliminary analysis
was performed to investigate the effect of the excitation frequency on
each rig. It highlighted that results were heavily dependent on the
individual dynamic response of the rigs and hence it was decided to test
at the optimal excitation frequencies only. Those excitation frequencies
resulted in different peak sliding velocities of the specimens, obtained
by multiplying the excitation frequency in [rad/s] by the pk-pk dis-
placement amplitude divided by 2. To allow a comparison with similar
sliding velocities, two of the displacement amplitudes were selected to

2 A full stuck regime is never achievable in practice since a small part
of the contact interface will always exhibit microslip. However, at very low
displacement amplitudes, the portion of the interface in microslip is assumed
to be negligible compared to the major remaining portion of the interface in
a stuck condition.
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Fig. 5. (a) Test Matrix: tests with both colours were performed on both rigs; (b) Specimens of Imperial (from left to right 1 mm2, 5 mm2 and 10 mm2); (c) Specimens of PoliTO
(from left to right 5 mm2, 10 mm2 and 40 mm2).
Table 2
Test matrix summary.

Units Imperial PoliTO

Material – Stainless steel 304 Stainless steel 304
Type of contact – Flat-on-flat (one leg) Flat-on-flat (two legs)
Type of contact approach – Rigid body Self-alignment
Temperature – Room temp. Room temp.
Nominal areas of contact [mm2] 1/5/10 5/10/40
Normal loads [N] 17/87/150/254 17/87/254
Min and max contact pressures [MPa] 1.7–254 0.4–51
Excitation frequency [Hz] 100 175
Displacement amplitudes pk-pk [μm] 1/14/24.5 1/14/50
Peak sliding velocity [mm/s] 0.31/4.40/7.70 0.55/7.70/27.5
Starting interface roughness [μm] 0.5 5
Running time [h] 2.5 2.5
provide the same peak velocity of 7.70 mm/s, resulting from 24.5 μm
at 100 Hz for Imperial and 14 μm at 175 Hz for PoliTO, as shown in
Table 2. In the designed test matrix, the lowest achievable velocity was
0.3 mm/s, which corresponds to the velocity of a stuck contact under
a 100 Hz excitation.

The chosen range of nominal areas of contact was chosen to study
the scalability of the results, but also to understand what is the best
way of modelling frictional contacts in dynamics simulations (e.g. if it
is better to discretise the interfaces with many 1 mm2 contact patches
or with fewer 40 mm2 patches).

For every test condition, a new unworn specimen pair was used.
pecimens were manufactured from the same batch of raw 304 stainless
teel to guarantee comparability of the material. Each test lasted 2.5
onsecutive hours to achieve a proper running, which was previously
hown to be adequate to achieve stable contact conditions [63]. This
ed to more than 1.5 million hysteresis loops per test. Before and
fter every test, scans of the contact interfaces were acquired with an
licona Infinite Focus instrument at PoliTO and an Olympius LEXT®
LS5000 3D Laser Confocal Microscope at Imperial. In this way, the
ondition of each specimen interface could be visually assessed before
he experiments to ensure that the interface did not have scratches or
mperfections. In fact, although specimens were all manufactured from
he same batch of material, two different local companies manufactured
he individual specimens for each rig, resulting in slightly different
ontact surface topographies. In the case of Imperial, specimen inter-
aces were carefully hand-polished after the manufacturing by using
wo different grades of abrasive paper: first, 800 grit for coarse and
ulk material removal and, then, 2500 grit for smooth and finer surface
inish, leading to a roughness value 𝑅𝑎 of about 0.5 μm. The hand
5

olishing process led to slightly curved contact interfaces since material
got removed at the sides first due to the rubbing on the abrasive
paper. An example interface is shown in the optical scan of Fig. 6a,
showing a ‘‘bump’’ in the centre. Note that the 𝑧-axis is magnified and
better shown with Fig. 6b by means of the profile of the interface. The
curvature was quantified by an equivalent radius of 33.2 mm, which is
relatively large compared to the small interface width of only 1 mm.
The curvature results in a bump of about 4 μm height, thus negligible
compared to the width but very repeatable in every specimen. Although
negligible, the bump is very helpful for ensuring high repeatability in
the experiments since it leads to an initial point contact at the centre
of the interface at the beginning of the test (the specimen interfaces
could be associated with two crossed cylinders of radius 33.2 mm).
The curvature also allows for an easier alignment during the tests since
the Imperial rig does not employ a self-alignment contact approach.
After 2.5 h of testing, the large number of wear cycles leads to a fully
distributed contact over the whole nominal contact interface, as shown
in Fig. 6c. The extension of the wear at the interface was quantified
through the Digital Surf Mountains® software, by selecting the black
worn spots and evaluating their extension (as the worn spot in Fig. 6c).

In the case of the PoliTO specimens, there was no manual sanding
process introduced. The interfaces were provided by the manufacturer
with a flat interface without any curvature and but they showed some
machining marks that led to a larger initial roughness value 𝑅𝑎 of
5 μm. A typical interface is shown in Fig. 7, where the machining
marks are clearly visible outside the contact area while inside the
contact area, on the location of the two legs of the mating specimen,
a significant amount of material is missing due to wear. Although
the initial roughness values are quite different between Imperial and
PoliTO specimens, hysteresis measurements will show that the initial
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Fig. 6. (a) Scan of the unworn contact interface of an Imperial specimen; (b) Profile of the unworn contact interface; (c) Photo and scan of a fully worn contact interface of an
Imperial specimen.
Fig. 7. Scan, photo and profile of the worn contact interface of a PoliTO specimen (the contact is on the two worn spots).
roughness wears away quickly during the early stage of the test result-
ing in very similar dynamic behaviour. This is evident in both Imperial
and PoliTO specimens, from Figs. 6c and 7, where the amount of wear
is of a much larger length scale than the initial roughness. Yet, different
starting roughnesses could however affect the evolution of the contact
parameters and interfaces until a steady state is reached, but this effect
will be ignored at this stage.

3.1. Data post-processing

The large experimental matrix and the completion of all the tests
resulted in more than 100 different specimen pairs being tested and
more than 300 h of testing. At an average excitation frequency of
140 Hz, this corresponds to roughly 150 million hysteresis loops. Since
recording all this data was unfeasible because of storage limits, loops
were continuously recorded only during the first 5 s of each test. This
was done because it was found that hysteresis loops strongly vary at the
beginning of the test and consequently a high recording rate is needed
to accurately capture their evolution [63]. After the first 5 s, loops were
recorded with a lower rate until the 50th minute, after which only 10
consecutive hysteresis loops were recorded every 5 min. This procedure
is reasonably chosen because, after a running-in, a steady state is slowly
reached [63]. For every hysteresis loop, the following parameters were
extracted:
6

• Friction coefficient, 𝜇, calculated with two methods, energy
method and standard method, described in the Appendix A. Both
methods were used in this research since some studies in the lit-
erature use only the first method and others only the second [36].
In this way, results could be compared to more studies.

• Tangential contact stiffness, 𝑘𝑡, calculated as the gradient of the
stick portion of the loop from the reversal up until the force is
equal to zero, as described in the Appendix A.

• Dissipated energy, Ed, evaluated as the area inside the hystere-
sis loop, i.e. the integral of the friction force over the relative
displacement. The cumulative dissipated energy is obtained by
summing up the energy dissipated by each loop during a test
(assuming that the hysteresis loops not recorded dissipated the
same energy as the latest available loop recorded). This energy
enables a comparison of the results obtained under different test
conditions (e.g. 1 h of testing performed at 24.5 μm displacement
amplitude would lead to more dissipated energy, and hence more
wear, than a 1-hour test performed at 1 μm of displacement
amplitude).

The extraction was automated with the MATLAB® code described in
the Appendix A, which processed each individual hysteresis loop and
extracted automatically the contact parameters. The Appendix also
shows a sensitivity analysis to assess the reliability and robustness of
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Fig. 8. Overview of contact interfaces and hysteresis loops for tests conducted on specimens with a 5 mm2 nominal area of contact at Imperial. Columns are normal loads and
rows are displacement amplitudes.
the post-processing technique, which is confirmed to be adequate and
of much lower uncertainty than the inherent experimental uncertainty.
Post-processing codes are available open access, with all experimental
data, in [60].

4. Measured hysteresis loops from the two friction rigs

Fig. 8 shows, as an example, the end-of-test contact interfaces and
hysteresis loops for all the loading combinations of the specimens
with nominal areas of contact of 5 mm2 for the Imperial rig (similar
results were obtained for the other nominal areas of contact). Not
surprisingly, hysteresis loops strongly change as the displacement am-
plitude increases (loops from the top row to bottom row), shifting from
being stuck with no gross slip at 1 μm to established gross slip at 14
and 24.5 μm. The normal load also strongly affects the shape of the
hysteresis loops (columns from left to right) as would be expected. For
loops in gross slip, the friction limit, μN, increases with the normal
load. For fully stuck loops, the gradient increases with the normal
load highlighting that the contact stiffness (which is obtained from
the gradient) is normal load dependent, as already known in the
literature [12,21,46,68]. At the very low normal loads of 17 N, loops
that are in gross slip show a large number of oscillations and appear to
be quite noisy. These oscillations are due to a chattering phenomenon,
which occurs when the normal load is so low that specimens are more
prone to lift-off. At the larger 150 N normal load, this effect disappears
entirely since the chatter is suppressed. Another feature present in most
of the hysteresis loops is the increasing friction force observed during
the gross slip stage, as opposed to the expected constant Amontons-
Coulomb friction force. In a previous study [65], this behaviour has
been attributed to local wear scar interaction effects during the recipro-
cating sliding (e.g. interference of local interlocking peaks and troughs
on the worn surfaces), but its true nature is still not well understood.

Fig. 8 also shows the contact interfaces at the end of each test. In the
stick tests with 1 μm relative displacement, the interfaces do not show
any visible wear mark, suggesting that a negligible amount of energy
has been dissipated during the test. At larger sliding distances, black
wear scars appear indicating that worn areas have developed. These
worn areas are larger when the normal load is larger since each loop
dissipates more energy at larger normal loads (due to the larger area
inside the loop). Note that a full worn area of contact is not reached in
the specimens with the 5 mm2 or the 9 mm2 nominal area of contact,
although it was reached in those with the lowest 1 mm2 nominal area
(not shown here for brevity). Longer tests would have been required
to dissipate more energy and thus wear out interface material to a
larger extent. This, however, was not the main scope of the round robin
7

test campaign and did not affect the analysis to a large extent since
measured contact parameters were normalised by the real worn contact
area as discussed in the following sections.

As for the PoliTO rig, Fig. 9 shows the end-of-test contact interfaces
and the end-of-test hysteresis loops for all the loading combinations
of specimens with nominal areas of contact of 5 mm2. Once more
the hysteresis loops strongly change as displacement amplitude and
normal load vary, in the same way as already observed with Imperial
measurements. The main difference with Imperial measurements is that
chattering does not appear during the PoliTO measurements and hence
the loops are much smoother. This probably occurs because the ‘‘static’’
support of the PoliTO rig is flexible due to the self-aligning contact
approach and hence it does not induce high-frequency vibrations due
to its lower rigidity. Fig. 9 also shows the contact interfaces at the
end of each test. In the stick tests at 1 μm, the interfaces do not show
any visible wear mark, suggesting that a negligible amount of energy
is dissipated during the full stick regime. At larger sliding distances,
coloured spots appear indicating that worn areas have developed. For
the PoliTO specimens, fully extended worn areas are almost always
reached in the 5 mm2 tests and also some of the tests at larger nominal
areas of contact (10 and 40 mm2, not shown here for brevity). This
probably occurs thanks to the self-aligning system, which guarantees
a more uniform contact to start with and leads to higher wear rates.
In addition, the PoliTO specimen interfaces do not show the curva-
ture observed in Imperial specimen interfaces, thus leading to a more
distributed and extended contact.

4.1. Evolution of the contact parameters with wear

Results for a typical test on the Imperial rig are shown in Fig. 10a,
which plots the evolution of the hysteresis loops over a test run. The
hysteresis loops show a significant increase in the sliding friction limit,
μN, as the test progressed. Since the normal load, 𝑁 , remained constant
during the whole test, this implies that the friction coefficient, 𝜇, has
increased over time as the samples became worn. Fig. 10b shows
the evolution of 𝜇 as a function of the cumulative dissipated energy.
The friction coefficient 𝜇 rapidly increases within the first cycles from
a very low value around 0.1. This rapid increase matches previous
observations [37,51,52,63,69,70] and it is attributed to the removal of
initial oxide layers and contamination of the contact interfaces [71–74],
which result in metal-to-metal contact and/or metal-to-wear particles
contact that contribute to an increase in adhesion and ploughing. The
steady state reached after approximately 100 J of energy dissipated,
has been attributed to a balance between the generation and ejection
of wear debris from the contact interface [72].
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Fig. 9. Overview of contact interfaces and hysteresis loops for tests conducted on specimens with a 5 mm2 nominal area of contact at PoliTO. Columns are normal loads and
rows are displacement amplitudes. The red dot indicate the standard position of the laser measurement location since the displacement could only be measured on one of the two
contact legs during the experiment.
Fig. 10. Typical Imperial evolution of contact parameters: (a) Hysteresis loops; (b) Friction coefficient; (c) Tangential contact stiffness and worn area at the end of the test. Values
for the Test n. IC25: 87 N normal load, 14 μm relative displacement, 5 mm2 nominal area of contact, 100 Hz excitation frequency and 2.5 h of running, total hysteresis cycles =
900 000, material = stainless steel, temperature = 25 ◦C.
Fig. 11. Evolution of tangential contact stiffness: (a) Tests performed at 1 μm displacement amplitude; (b) Tests performed at 24.5 μm displacement amplitude. The interface photos
show the worn areas of contact at the end of the test, and the hysteresis loops are the loops at the end of the tests. Values for the Tests n. IC32-27: 150 N normal load, 1 μm
and 24.5 μm displacement amplitude respectively, 5 mm2 nominal area of contact, 100 Hz excitation frequency and 2.5 h of running, total hysteresis cycles = 900 000, material
= stainless steel, temperature = 25 ◦C.
Fig. 10c shows the trend of the tangential contact stiffness, 𝑘𝑡, which
increases at a slower rate than 𝜇, without reaching a steady state in
this particular test. This slow increase is probably due to the slow
increase in the worn area of contact, which evolves from the initial
point contact, due to the curved shape of a 4 μm bump shown in Fig. 6,
to a more distributed contact at the end of the test. The removal of
the bump with wear would in fact lead to a more conformal and less
compliant contact with a higher final stiffness value. This hypothesis
suggests that the steady state in the 𝑘𝑡 should be reached when the
area of contact reaches the maximum extension. For this reason, the 𝑘𝑡
increasing rate is slower than that of 𝜇, since the worn area requires
8

more energy to evolve as compared to the lower energy required for
the removal of the contaminated layer that leads to the 𝜇 increase. To
confirm this hypothesis, Fig. 11 shows two tests performed at different
displacement amplitudes, 1 μm and 24.5 μm respectively, and their
corresponding end-of-test contact interfaces. The test performed at 1 μm
displacement amplitude does not show any sign of wear, due to the
null amount of energy dissipation within the stuck loops, and indeed
its 𝑘𝑡 is constant during the whole test. Instead, the test performed
at 24.5 μm displacement amplitude shows a clear increase in the 𝑘𝑡
value associated with the increase in the worn area of contact due to
the energy dissipated within the gross slip hysteresis loops (the drop
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Fig. 12. Typical PoliTO evolution of contact parameters: (a) Hysteresis loops; (b) Friction coefficient; (c) Tangential contact stiffness and worn area at the end of the test. Values
for the Test n. TO14: 87 N normal load, 14 μm relative displacement, 5 mm2 nominal area of contact, 175 Hz excitation frequency and 2.5 h of running, total hysteresis cycles =
1 575 000, material = stainless steel, temperature = 25 ◦C.
observed at about 320 J, after 98 min of testing, could be due to some
temporary unbalance in the wear debris formation/ejection). The 𝑘𝑡
value approaches an asymptote since the worn area of contact is almost
fully extended (it is certainly more extended than that of the test in
Fig. 10 where a steady state was not reached). Similar increases have
also been observed in previous studies that measured the evolution of
𝑘𝑡 with wear [46,63,70].

Similar trends in 𝜇 and 𝑘𝑡 were also observed in the PoliTO rig.
Fig. 12 shows a typical PoliTO test performed under the same condition
as the Imperial test of Fig. 10 with a 87 N normal load and 14 μm
relative displacement. The friction coefficient 𝜇 rapidly increases at the
beginning of the test, although it reaches the steady state after roughly
500 J dissipated, more than the Imperial 100 J. Also 𝑘𝑡 increases
but, contrary to what was observed on the Imperial rig, it seems to
reach a steady state, which is attributed to the approach of the full
worn area (as shown in the full worn specimen photo, in contrast
with the Imperial specimen that has not a full worn contact). The full
worn area for the PoliTO specimen was probably reached because of
a flatter initial interface and the self-aligning system, which ensured
full contact. In addition the larger excitation frequency led to more
cycles in the 2.5 h and hence to more energy dissipated at the contact
(the steady state is reached in PoliTO at around 1500 J of energy
dissipated, while in Imperial the test stopped at 1100 J). It is important
to notice that the PoliTO contact stiffness value is almost 7 times
larger than that of Imperial. This mismatch only occurs because such
stiffnesses are not normalised by the worn area of contact, which
indeed is larger in PoliTO specimen, as better discussed in the following
section.

5. Comparison of contact parameters from the two friction rigs

This section compares the post-processed measurements obtained
from the two friction rigs, highlighting agreement and differences. First,
measured 𝑘𝑡 and 𝜇 are compared and then the potential impact of the
two rig design differences on the measured data is discussed.

5.1. Tangential contact stiffness, 𝑘𝑡

For each test, end-of-test values of 𝑘𝑡 were calculated as described
in the Appendix B, where supplementary plots are also shown with the
exact values and standard deviations for every loading combination.
Fig. 13 shows a qualitative summary of the 𝑘𝑡 steady state values on
both Imperial and PoliTO rigs (if a steady state was not reached, the
end-of-test values were chosen instead). Several trends emerge from the
results, which are discussed below.
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5.1.1. Effect of normal load and worn area of contact
Fig. 13 shows that 𝑘𝑡 strongly increases with the normal load almost

fourfold in Imperial tests, with values rising from about 25 N/μm to
90 N/μm when the normal load increases from 17 N to 150 N. In the
case of the PoliTO tests, the normal load dependence is even stronger
with values rising from as low as 25 N/μm to 2000 N/μm when the
normal load increases from 17 N to 254 N. This increase of 𝑘𝑡 with
the normal load is well known and has already been observed in a
range of experiments [12,21,46,68], being attributed to the increase
in the number and size of the individual contact spots, resulting in a
larger real area of contact and more interactions of asperities at the
interface [68]. The absolute increase observed in the PoliTO tests is
much larger than the increase observed in Imperial tests and it is here
attributed to the much larger worn areas of contact observed in PoliTO
specimens, which reach up to 40 mm2 compared to the maximum
2.5 mm2 in the Imperial case.

Since the worn area of contact leads to larger stiffnesses, 𝑘𝑡 values
from Fig. 13a–d were normalised by the measured worn area of contact
of each specimen after test, thus obtaining normalised tangential con-
tact stiffness values, 𝐾𝑇 , expressed in N/μm/mm2 (different from the
small letters 𝑘𝑡 expressed in N/μm). It is common practice to normalise
contact stiffness against the nominal contact area [4,75], but since the
actual worn contact area could be measured for these tests, it was
considered a more appropriate normalisation parameter. Fig. 13b–e
plots the worn area normalised 𝐾𝑇 for Imperial and PoliTO, while the
values of worn areas of contact are shown in Figs. 13c–f. Note that
the 1 μm tests did not show any wear due to a negligible amount of
energy being dissipated in stuck loops. Therefore, to get the normalised
𝐾𝑇 for those cases, the following procedure was performed: at the end
of each test with a 14 μm displacement amplitude, the hysteresis loop
was brought down to a 1 μm displacement amplitude and the 𝑘𝑡 was
extracted. In this fully-worn case, it was possible to measure 𝑘𝑡 at 1 μm
displacement amplitude but on specimens with a fully developed worn
area of contact. The normalised 𝐾𝑇 in Fig. 13b at 1 μm was obtained
in this way. Fig. 13b–e show that the normal load dependency still
holds, with normalised 𝐾𝑇 values in the range 20–80 N/μm/mm2 at
Imperial and 10–250 N/μm/mm2 at PoliTO. To make the tangential
stiffness values from the two rigs truly comparable, the applied normal
load was divided by the worn area of contact leading to a comparison
of the normalised stiffness over the applied contact pressures. The final
results of the comparison are shown in Fig. 14, which shows a quite
clear increasing trend with most PoliTO tests overlapping with Imperial
tests, except a few PoliTO tests that show much larger values. The large
discrepancy is probably due to the following reasons:

• PoliTO 𝑘𝑡 estimations are expected to be slightly larger because
of the different contact surface topographies with respect to Im-
perial specimens. Imperial specimen interfaces have a slight cur-
vature that increases the compliance, while PoliTO specimens are
flat-on-flat and, thus, expected to be stiffer.
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Fig. 13. Tangential contact stiffness steady state values, 𝑘𝑡, for the (a) Imperial and (d) PoliTO friction rigs; Worn area normalised tangential contact stiffness steady state values,
𝐾𝑇 , for the (b) Imperial and (e) PoliTO friction rigs; Worn areas of contact at the end of each test, plus example photos of worn areas at the end of tests, for the (c) Imperial and
(f) PoliTO friction rigs.
• 𝑘𝑡 estimations above 300 N/μm are less reliable due to the very
small relative displacements measured by the laser. In those cases,
even minimal changes in the measured displacement lead to
major changes in the 𝑘𝑡 estimated from the force–displacement
slope. Indeed, the four outliers in Fig. 14a resulted from 𝑘𝑡 values
above 500 N/μm (see Fig. 14b), which result from corresponding
displacements in the stick portion of the loop below 0.05 μm,
which are difficult to accurately measure and strongly affect the
𝑘𝑡 estimation even for small deviations.

• The two friction rigs have quite different designs and, in addi-
tion, the 𝑘𝑡 experimental uncertainty was in the range of 25%
for Imperial and 60% for PoliTO estimated through a series of
10
repeatability tests performed by assembling and disassembling the
same specimen pair several times and testing it under the same
loading conditions.

If the two PoliTO outliers are excluded, the load dependency of the
tangential contact stiffness can be represented by a square fit of 𝐾𝑇 ver-
sus the worn-area-normalised normal load (𝐾𝑇 = 𝐾1 ∗ 𝑝

1
2 = 6.3 ∗ 𝑝

1
2 ).

The coefficient 𝐾1 is equal to 6.3, obtained by fitting the experimental
data, and gives a stiffness in N/μm/mm2 when multiplied by the square
root of the normal load divided by the worn area, 𝑝, expressed in
MPa. Note that, although many experiments were performed under the
same normal loads, they show different pressures since normal loads
are normalised by the worn areas of contact, which differ test by test.
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Fig. 14. Tangential contact stiffness steady state values. Each point in the Figure corresponds to a different test of the round robin matrix with a different worn area of contact:
(a) Worn area normalised 𝐾𝑇 versus contact pressure (normal load divided by the worn area). Note that, although some tests were performed with the same normal load, they
have different contact pressures due to their different worn areas. The experimental fit on the Imperial tests is also shown; (b) Un-normalised 𝑘𝑡 versus normal load.
Fig. 15. Evolution of the tangential contact stiffness of two tests performed on the PoliTO friction rig under the same loading conditions (87 N normal load, 14 μm displacement
amplitude, 10 mm2 nominal area of contact): (a) Test n. TO6, 𝑘𝑡 is very low because the displacement is measured on the leg not in contact (see red dot); (b) Test n. TO3, 𝑘𝑡 is
larger because the contact is concentrated on the measured leg too.
Larger worn areas of contact lead in fact to lower pressures and hence
different normalised 𝑘𝑡 values.

The exact values and standard deviations for every loading combi-
nation across all the measured specimens are shown in the Appendix B
through violin plots. The relative standard deviation of the steady state
values within the individual tests is below 10% at Imperial, except for
the test performed at 17 N that showed the chattering phenomenon. In
the case of the PoliTO tests, the relative standard deviation of the steady
state values within the individual tests is below 8% for tests with low
𝑘𝑡 values, while the relative standard deviation increases up to the 40%
for tests with very large 𝑘𝑡 values, over 300 N/μm, because of the very
low measured displacements.

5.1.2. Effect of the distribution of the worn area of contact
The extension of the worn area of contact is not the only driving

parameter for the 𝑘𝑡 estimation, which indeed seems to be also driven
by the spatial distribution of the wear spots over the contact [4,76]. The
effect of the spatial distribution is explained and clarified here with two
tests. Fig. 15a represents an extreme case in which one leg was not in
contact at all due to an improper assembly of the specimens. The 𝑘𝑡
measured in this test is very low (below 20 N/μm) if compared to the
𝑘𝑡 from test in Fig. 15b, which was performed under the same loading
conditions but with the contact distributed on both legs. The red dots
in Fig. 15a indicate the location of the laser measurement. Due to the
one-sided contact, the specimen was rotating around the leg in contact,
while the displacement was measured on the opposite unsupported leg.
As a result, a large displacement was measured, leading to much lower
𝑘𝑡 estimations.

This example highlights that 𝑘𝑡 estimations are strongly dependent
on the kinematics of the contacting components and hence that it is
important to accurately choose the most representative laser measure-
ment locations for reliable 𝑘𝑡 estimations. The displacement needs to
be measured as close as possible to the actual spots of contact, which
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can be distributed in different locations if the nominal area is wide.
Ultimately, the kinematic behaviour depends on where the interfaces
get into contact, as demonstrated on more complex structures [4]. In
other words, it strongly depends on the spatial contact distribution,
namely the pressure distribution. The importance of the spatial contact
distribution, and not only of the overall extension, has been observed
experimentally in the pioneering work of Kendall and Tabor [68], who
described the effect of the position of contact spots on the 𝑘𝑡 estimations
(i.e. contacts of the same size close to each other lead to lower 𝑘𝑡 than
contact spots further away from each other). The effect of the contact
spots spacing has also been modelled numerically [61]. However, to
the best of the authors’ knowledge, such observations are missing in
more recent experimental studies despite this being an important piece
of information if an accurate measurement of 𝑘𝑡 is required.

5.1.3. Effect of displacement amplitude
Fig. 13a–d showed unclear trends of 𝑘𝑡 with the displacement ampli-

tude due to the different worn areas of contact at different displacement
amplitudes. Therefore, Fig. 13b–e is analysed since it shows the 𝐾𝑇 nor-
malised by the worn areas of contact. For both Imperial and PoliTO, the
normalised 𝐾𝑇 decreases as the displacement amplitude increases. This
behaviour has been confirmed by performing an additional experiment
at the standard normal load of the round robin, 87 N, with a 30 μm
and 1 mm2 nominal area of contact at Imperial and 50 μm and 10 mm2

nominal area of contact at PoliTO. After reaching the steady state with
a fully worn area of contact, several hysteresis loops were recorded
at different displacement amplitudes as shown in Fig. 16a–c. The
corresponding 𝑘𝑡 estimations from both rigs are shown in Fig. 16b–d
as a function of the displacement amplitude. The displacement depen-
dency is clear, with 𝑘𝑡 values reducing approximately by 60% over
the thirtyfold increase in displacement amplitude at Imperial, nearly
reaching an asymptote at the largest tested amplitude, and reducing by
5 times over the sixtyfold increase in displacement amplitude at PoliTO,
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Fig. 16. (a) Hysteresis loops measured at different displacement amplitudes within the same test (a) Imperial rig at 100 Hz excitation frequency and (c) PoliTO rig at 175 Hz
excitation frequency; (b–d) 𝑘𝑡 as a function of the displacement amplitude from hysteresis loops shown in (a–c). Note that 𝑘𝑡 is the slope measured right after the load reversal in
each hysteresis loop. Test conditions: 87 N normal load, 1 and 10 mm2 nominal areas of contact at Imperial and PoliTO respectively, steady state reached after 2.5 h of running
at 30 and 50 μm displacement amplitudes at Imperial and PoliTO respectively, and then loops measured at different displacement amplitudes, material = stainless steel, room
temperature.
reaching a clear asymptote over 20 μm. Measurements were performed
with both increasing and decreasing displacement amplitudes and the
trend was repeatable in both loading directions. As a reminder, the 𝑘𝑡
values represent the 𝑘𝑡 estimated right after the load reversal obtained
by fitting the only stick region. The drop in the 𝑘𝑡 (evaluated after
load reversal) with the increasing displacement amplitude has been
observed in a few previous studies [25,53,63,77].

One possible physical explanation for this behaviour was provided
in [13] based on an ultrasonic investigation performed on the Imperial
rig. The 𝑘𝑡 displacement dependency was linked to the ageing phe-
nomenon at the interface. Ageing results from the time of stationary
contact during which the junction size at the asperity contact increases,
induced by asperity creep and strengthening of bonding at asperity
contacts [34,78–80] and hence the area-depenendent stiffness increases
as well. Optical measurements have already shown how the real area of
contact slowly increases, typically logarithmically, with the time spent
in contact, at rest, due to the ageing or contact rejuvenation [18,81].
This concept can be applied to the present measurements by assuming
that the stick condition is equivalent to a period of stationary resting
contact. The ageing would lead to increased stiffness values during
repeated stick cycles at low displacement amplitudes, and hence quasi-
stationary contact with a very low relative velocity. Instead, at large
displacement amplitudes, the asperities would be in stick conditions for
shorter periods, thus reducing the amount of ageing and consequently
resulting in lower contact stiffness. Once gross slip is reached, the
contact would reset and ageing would have to restart at the next
stick condition. This hypothesis is well supported by the ultrasound
measurements shown in [13], and the results shown here may further
support this hypothesis. The PoliTO results in Fig. 16 show that the
𝑘𝑡 stops decreasing after a certain threshold, namely 20 μm pk-pk
displacement amplitude, which corresponds to roughly 11.0 mm/s peak
velocity at 175 Hz. It seems therefore that no ageing occurs at velocities
larger than 11.0 mm/s probably because, above those velocities, the
rate of change of the contacting asperities overcomes the time required
for them to age. The maximum peak velocity achieved in the Imperial
test is instead 9.4 mm/s and the asymptote is not clearly stabilised.
Probably, also in Imperial specimens the limit velocity to reach the
asymptote is around 10–11 mm/s. More quantitative analyses will be
performed in the future to confirm this hypothesis and understand what
are the parameters that affect this threshold, such as supposedly the size
of the asperities and the tendency to creep of the particular material.

In addition, or as an alternative to the ageing hypothesis, the drop
in stiffness could also be caused by the increase in energy dissipation
at larger velocities, which may lead to a rise in the contact interface
temperature. This temperature increase could potentially lead to more
compliance in the interface, and hence a drop in the tangential con-
tact stiffness. To investigate this further, temperature measurements
were taken for the PoliTO specimens with thermocouples embedded
in the specimens 1 mm away from the contact interface. Measurements
showed relatively low temperatures, below 50 ◦C, in agreement with
previous studies [49,82]. This low temperature does not support this
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second hypothesis, although it is known that flash temperatures at the
asperity contacts can reach much higher values (>500 ◦C) [82,83],
which cool very quickly some mm far from the contact in the bulk
material, where the temperature was indeed measured in the presented
experiments.

5.1.4. Effect of plastic hardening in fully stuck tests
Table 3 compares the end-of-test values for both Imperial and

PoliTO tests performed at 1 μm of displacement amplitude. At 17 N
normal load, 𝑘𝑡 values are below 30 N/μm, for both the nominal areas of
5 and 10 mm2. Also for the 87 N case and 5 mm2, the 𝑘𝑡 estimations are
relatively close, below 45 N μm. However, the Test TO10 performed at
87 N normal load and 10 mm2 nominal area shows a 𝑘𝑡 value extremely
large, 578 N/μm. The reason for this very large value is that the PoliTO
𝑘𝑡 increased during the 1 μm test as shown in Fig. 17b. This increase
might be attributable to the small amount of energy being dissipated
during the test, shown by the non-zero area inside the loops in Fig. 17a
despite the very low displacement amplitude of 1 μm. This amount of
energy dissipated is not large enough to generate a worn area at the
end of the test, as shown by the pristine area in Fig. 17b, but it is
large enough to lead to an increase in the 𝑘𝑡, which reaches a ‘‘steady
state’’ after 22 J low amount of energy dissipated. It is hypothesised
here that this energy led to a plastic hardening of the asperities, which
dissipate some energy during microslip loading and unloading cycles,
hence increasing the stiffness of the contact and resulting in larger 𝑘𝑡
estimations.

Instead, Imperial hysteresis loops did not show any evolution in the
𝑘𝑡 values during the whole tests since they were almost straight lines
without any apparent microslip or energy dissipation, see e.g. Fig. 11a
at 1 μm. The reason why 1 μm displacement loops at PoliTO dissipate
more energy than loops at Imperial is that the PoliTO loops have larger
initial 𝑘𝑡 values (around 300 N/μm) compared to those observed in
Imperial stuck tests (around 50 N/μm), probably due to the hertzian
contact in Imperial compared to the flatter contact in PoliTO. For this
reason, larger tangential loads are reached with lower displacement
amplitudes, thus increasing the possibility to encounter microslip even
at low displacement amplitudes such as 1 μm. It is thus concluded that
stick tests performed at 1 μm displacement amplitude are very compa-
rable between Imperial and PoliTO, except in cases where microslip is
present, which leads to the energy dissipated with consequent increases
in the 𝑘𝑡 values. As a result, it is suggested to maintain displacement
amplitudes as small as possible when measuring stuck hysteresis loops
to avoid any potential microslip that may lead to significant increases
in 𝑘𝑡 possibly due to plastic hardening.

5.2. Friction coefficient, 𝜇

The friction coefficient was extracted from the hysteresis loops with
two methods, the energy method and the standard method, as described
in the Appendix A. Then, the steady state values were calculated for
each test as described in the Appendix B, which in general were reached
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Table 3
Steady state 𝑘𝑡 values for the 5 and 10 mm2 nominal areas of contact performed at 1 μm of displacement amplitude, and
17 N and 87 N normal loads. 𝐸𝑘𝑡 indicates the energy dissipated when a steady state in the 𝑘𝑡 was reached. No one test
presented any amount of wear.

Measurements at 1 μm
displacement amplitude

17 N 87 N

Imperial PoliTO Imperial PoliTO

𝐴𝑛𝑜𝑚 = 5 mm2
Test IC28 Test TO28 Test IC30 Test TO19
𝑘𝑡 = 17 N/μm 𝑘𝑡 = 14 N/μm 𝑘𝑡 = 42 N/μm 𝑘𝑡 = 24 N/μm
𝐸𝑘𝑡 = 0.0 J 𝐸𝑘𝑡 = 0.0 J 𝐸𝑘𝑡 = 0.2 J 𝐸𝑘𝑡 = 0.1 J

𝐴𝑛𝑜𝑚 = 10 mm2
Test IC17 Test TO24 Test IC23 Test TO10
𝑘𝑡 = 16 N/μm 𝑘𝑡 = 27 N/μm 𝑘𝑡 = 39 N/μm 𝑘𝑡 = 578 N/μm
𝐸𝑘𝑡 = 0.0 J 𝐸𝑘𝑡 = 1.4 J 𝐸𝑘𝑡 = 0.0 J 𝐸𝑘𝑡 = 22 J
ig. 17. (a) Evolution of hysteresis loops for the Test n. TO10 performed at 1 μm displacement amplitude on the PoliTO friction rig; (b) 𝑘𝑡 evolution in time. The photo shows
he specimen interfaces at the end of the test (no wear present). The vertical line indicates the beginning of the steady state. Values for the Test n. TO10: 87 N normal load, 1 μm
isplacement amplitude, 5 mm2 nominal area of contact, 175 Hz excitation frequency and 2.5 h of running.
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ithin the first 15 min quite consistently. Fig. 18a–b shows the 𝜇
teady state values for the Imperial and PoliTO rigs calculated with
he standard method. Only the standard method estimations are shown
ince, in the case of Imperial, standard and energy methods led to the
ame 𝜇 values. In the case of PoliTO, estimations for the two methods
ere slightly different, with standard 𝜇 estimations being on average
% higher than energy 𝜇 estimations. This occurs because the microslip
egion in PoliTO tests is much more dominant than in Imperial tests,
here instead the transition from stick to gross slip is sharper. The

harper the transition, the larger the energy 𝜇 estimations. A hysteresis
oop with a sudden transition from stick to gross slip would have the
ame values of energy and standard 𝜇. If a microslip transition state
xisted, the energy dissipated would have been lower, thus leading to
lower energy 𝜇 estimation, whilst maintaining the same standard
estimation. More details on the differences between different 𝜇

stimation techniques can be found in the following review [36].
Fig. 18c shows the comparison of standard 𝜇 values plotted versus

he normal load. A decreasing trend of 𝜇 with respect to the normal load
s visible, especially in the PoliTO rig where the average 𝜇 values and
elative standard deviations are equal to 1.04 (14.2% std) at 17 N, 0.78
3.0% std) at 87 N and 0.75 (6.9% std) at 254 N, while the Imperial
alues slightly decrease from 0.77 at 17 N to 0.72 at 150 N. The reason
or this observed decrease is not clear yet and could be attributed
o the fact that, at larger normal loads, a fully established gross slip
ould not have been achieved within the relatively small investigated
isplacement amplitudes (14 μm and 50 μm). In addition, measurements
t the lower 17 N normal loads are in general less reliable. If compared
o the Imperial 0.77 average 𝜇 at 17 N normal load, the PoliTO 𝜇
alues are much larger, up to 1.24. This relatively large difference of
5% is not attributable to the repeatability of the measurements, whose
ncertainty was quantified to be below 4% for Imperial tests and below
% for PoliTO tests performed under the same loading conditions.
13

t

nstead, the difference is here attributed to the very low conformity
esulting from such low loading, which leads to more unstable and less
eliable hysteresis loops as the chattering phenomenon may occur. In
ddition, at low normal loads, some inaccuracies might also appear
n the normal load measurement. While the normal load is easy to
heck in the PoliTO rig since it is applied employing dead weights of
nown mass, in the case of the Imperial rig it is applied by means of
pneumatic actuator and measured with a strain gauged load cell.

he strain gauge load cell could be inaccurate at low normal loads
nd this could be another reason for the observed differences. For
ll of the above reasons, it is concluded that measurements of the
riction coefficient should be performed at normal loads large enough
o guarantee adequate conformity that does not lead to separation
henomena, such as chattering and other instability effects.

The effects of different displacement amplitudes and nominal areas
f contact on the extracted friction coefficients in Fig. 18a–b are less
bvious, suggesting that these parameters do not affect 𝜇 estimations
o a large extent. All the extracted steady state 𝜇 values and standard
eviations can be found in the Appendix B.

Finally, with regards to the evolution with wear, it was observed
hat the energy dissipated to reach a steady state was, in general,
omparable between Imperial and PoliTO (in the range 100–1000 J),
ee e.g. the evolution in Figs. 10b and 12b, or the Figures in the
ppendix B. Reaching steady states required more energy dissipation

n tests performed at larger normal loads than in tests performed at
ower normal loads. A possible hypothesis for this behaviour is that, at
ower normal loads, the wear particles of the original oxide layer are
jected more easily from the contact and thus less energy dissipation is
equired to reach steady state. It is recommended that the evolution of
he friction coefficient is closely monitored during testing, especially in
he first cycles, to ensure that steady state values are extracted.
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Fig. 18. Friction coefficient steady state values of the round robin test on the (a) Imperial and (b) PoliTO friction rigs. (c) Friction coefficient steady state values plotted versus the
normal load. Each point in the Figure corresponds to a different test of the round robin matrix. The Figure includes results at 14 μm and 24.5 μm only, since at 1 μm displacement
amplitude the friction limit was not reached.
5.3. Effects of rig design differences

The two friction rigs have two main design differences, (i) the
self-alignment vs rigid alignment of the specimens and (ii) the one-
leg contact vs two-leg contact, which probably led to some of the
disagreements in both 𝜇 and 𝑘𝑡 values. These design differences also
resulted in advantages and disadvantages in terms of reliability and
repeatability of the results. The PoliTO rig showed a larger scatter in the
different tests attributed to the higher flexibility in the self-alignment
support. In addition, two legs are required with the self-aligning system
to avoid tilting of the specimens. The two-leg design might lead to setup
and measurement challenges since the contact is prone to uneven load
distribution on the two legs if not mounted accurately. Different results
can be obtained depending on which leg is measured and which leg is
moving more due to a potential rotation of the specimen around its
contacting leg. Consequently, great care is required during setup for
this type of specimen, and some improvements in the displacement
measurements may need to be considered to minimise the sensitiv-
ity of the setup with regards to the measurement location. On the
positive side, this variability made it possible to gain several insights
into the kinematic dependency of the contact stiffness since a large
variation in the worn areas could be observed, see e.g. the discussion
of Fig. 15.

The Imperial specimens were instead rigidly fixed with slightly
curved contact interfaces, and this enabled better repeatability of the
experiments, with similar worn areas of contact achieved after each
test. However, because of this rigidity, the Imperial rig is limited to
relatively small areas of contact. In fact, full worn contact areas could
only be reached for the smallest nominal area of contact of 1 mm2

during the 2.5 h tests, while fully worn areas were easily reached in
the PoliTO rig with the help of the self-alignment, even for very large
40 mm2 areas. A significant increase in testing time in the Imperial rig
may have led to fully developed contacts for the larger specimens as
well but, due to the large number of tests that had to be conducted, this
was not possible. However, all 𝑘𝑡 values were normalised with regards
to the actual worn area, which partially eliminated the need of fully
worn contact interfaces.

In conclusion, the choice of whether to use a rigid or self-aligning
system depends on the purpose of the test. If more repeatable tests
and interface conditions are required, a rigid setup is preferable, at
the cost of only testing smaller areas of contact, limited topographies
and requiring longer testing times. Instead, if more complex and large
interfaces are to be tested, a self-aligning system is to be used since
it allows for a wider range of test setups, but great care is required
since the added flexibility of the setup and loading uncertainty could
interfere with the measurements.
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6. Guidelines for providing accurate input contact parameters for
nonlinear dynamic analysis of jointed structures

Based on the insights gained during the round robin test, guidelines
are here proposed for the measurement and use of 𝜇 and 𝑘𝑡 as input
for the nonlinear dynamic analysis of jointed structures. In addition, all
supporting experimental data has been uploaded open access for use by
the research community [60].

6.1. Tangential contact stiffness

The following suggestions can be given for the correct measurement
and use of tangential contact stiffness values:

• 𝑘𝑡 has to be normalised by the worn area of contact rather than
the nominal area of contact. This can be achieved by running
a test until the whole nominal contact area wears in, so that a
reliable normalisation can be performed with this a priori known
value. Alternatively, the worn area of contact must be determined
after each test to establish the normalised stiffness value. Due to
the strong effect that wear has on the actual contact area, models
also need to take this into account since nominal and real worn
areas are very rarely the same [4,76]. Some preliminary studies
exist in the literature that implemented the wear evolution in
nonlinear dynamic analysis, see e.g. [84,85], where the contact
stiffness is updated as wear changes the contact interfaces.

• The presented results have shown that the worn area-normalised
tangential contact stiffness, 𝐾𝑇 , increases with increasing nor-
mal load and it decreases with increasing displacement am-
plitude. These dependencies should be included in a nonlinear
dynamic analysis in order to obtain improved results. For the
specific combination of tested materials and loading conditions,
these dependencies are quantified in Table 4. It is proposed here
that the displacement dependency can be included, in a first ap-
proximation and under similar loading conditions, by considering
𝐾𝑇 values in fully stuck loops 5 times larger than the 𝐾𝑇 in loops
with gross slip. The nonlinear dynamic solver should be able to
switch between the two cases depending on the existence of gross
slip or not. Since this approach might cause convergence issues,
numerical analyses should be performed to test its feasibility.

• The stiffness 𝑘𝑡 depends not only on the extension of the worn
area, but also on the spatial distribution of the worn area over
the contact. A worn area distributed in a certain direction stiffens
the contact when it moves mainly in that direction and not in
others. As a result, it is important to accurately choose the most
representative laser measurement locations during experiments
for reliable 𝑘 estimations.
𝑡
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Table 4
𝜇 and 𝐾𝑇 values plus uncertainty bands to be used in nonlinear dynamic analysis for
steel on steel contacts. These values are based on the average between Imperial and
PoliTO results and are representative of contact interfaces subjected to the following
loading conditions: excitation frequency range 100–175 Hz, room temperature, dis-
placement amplitudes below 50 μm, contact pressures below 250 MPa. The nominal
areas of contact were below the 40 mm2 either in a flat-on-flat arrangement or in a
quasi-flat arrangement with relatively large curvatures, above 30 mm, if compared to
the average 2 mm contact width. 𝑝 [MPa] is the normal load divided by the worn area
of contact. Also 𝐾𝑇 [N/μm/mm2] is normalised by the worn area of contact.

Stuck/microslip loops Loops with gross slip

𝐾𝑇 [N/μm/mm2] 31.5
√

𝑝 ± 11
√

𝑝 6.3
√

𝑝 ± 2.2
√

𝑝
𝜇 0.79 ± 0.06 0.79 ± 0.06

• Since the contact behaviour depends on where the interfaces get
into contact, it consequently strongly depends on the pressure
distribution. To account for this effect in nonlinear dynamic
analysis, it is of high importance to accurately model the pressure
distribution that is expected in the investigated contact, as done
in [4,86]. Depending on the pressure distribution, the 𝑘𝑡 values
will change according to the laws in Table 4 and, consequently,
also the kinematic and vibration behaviour of the contacting
components will change.

• When normalised by the worn area, 𝐾𝑇 shows reasonably similar
values in both rigs, with differences of less than 70%. These
differences are probably due to the inherent experimental un-
certainty and to the fact that the contact surface topography of
Imperial and PoliTO specimens is slightly different. To account
for the experimental uncertainty in nonlinear dynamic analysis, it
is suggested to run at least two more sets of simulations adjusting
the 𝑘𝑡 values to be 70% higher and 70% lower than the nominal
chosen value.

• In stick regime conditions, a running-in increase in 𝑘𝑡 is observed
in PoliTO tests, although a worn area is not visible. It was
hypothesised that this increase in 𝑘𝑡, not due to the worn area of
contact, is instead due to a plasticity hardening process occurring
at the asperities since the stick loops of PoliTO dissipate energy
due to the presence of microslip despite the small displacement
amplitudes. This increase with the energy dissipated during mi-
croslip can be accounted for by using contact models that include
also microslip and not only the stick and gross slip conditions.

• To complete the guidelines on the use of the contact stiffness
in simulations, a final comment is given on the normal contact
stiffness 𝑘𝑛 although it has not been investigated within this
study. At a first approximation, it can be considered to be 1.25
times larger than the 𝑘𝑡, according to the Mindlin ratio defined
by contact mechanics [61]. Future studies will be performed on
the investigated friction rigs to also study this parameter, by
measuring the relative normal displacements with the Digital
Image Correlation technique.

6.2. Friction coefficient

The following recommendations can be made for the measurement
and use of the friction coefficient in nonlinear dynamic analysis:

• 𝜇 is very low (around 0.1) when the interfaces get into contact
for the first time. As vibration starts, 𝜇 rapidly increases at the
beginning of the test. This aspect should be considered for the
analysis of newly assembled structures, which will have very low
friction coefficient values when their contact establishes for the
first time. After few vibration cycles, the friction coefficient will
stabilise to an average value of 0.79. This reference value is valid
for a stainless steel contact within the loading ranges analysed,
namely 100–175 Hz excitation frequency at room temperature,
14–50 μm displacement amplitudes and 17–254 N normal loads
15
corresponding to 5–125 MPa for the observed worn areas of
contact. Given the good consistency of the results, it can most
likely also be used outside the confirmed range.

• 𝜇 is mostly unaffected by the loading conditions with a small
decrease by 15% with increasing normal loads. Since the reasons
for this observed decrease are not clear yet, the use of a constant
value is proposed here.

• Measurements on the individual rigs for the same loading condi-
tions are quite repeatable with differences within 4% at Imperial
and 8% at PoliTO. The PoliTO rig provides larger values than
Imperial for the same loading conditions (on average 15% larger).
This mismatch is probably due to inaccuracies in the normal
load measurement in the rigs and should be a focus for any
future improvements of the rigs. To account for the experimental
uncertainty in nonlinear dynamic analysis, it is suggested to run
at least two more sets of simulations adjusting the 𝜇 value to be
15% higher and 15% lower than the nominal chosen value. If the
structure is assembled for the first time, a simulation with a very
low 0.1 μ value should be run as well.

6.3. Guidelines for the use of the friction rigs and design of experiments

• Scan the contact interfaces before and after the experiments with
a microscope. Scans before the experiments provide information
on the contact surface topographies, which are needed to predict
the pressure distribution at the beginning of the tests. Interface
scans at the end of the tests are required to measure the extension
of the worn area of contact, which is needed to normalise the
contact stiffness during the post-processing. If interface scans
cannot be acquired at the end of the test, the test should be run
long enough so that the full nominal area wears in, and the 𝑘𝑡 can
be normalised by the nominal area.

• The steady state in the measured hysteresis loops is reached (or
at least approached) on average after roughly thousands Joules of
energy dissipated, which in the presented tests was equivalent to
more than 1.5 h of running for excitation frequencies in the range
of 100–200 Hz, displacement amplitudes larger than 14 μm, nor-
mal loads up to 250 N and nominal areas below 40 mm2. Hence it
is suggested to run tests for at least 1.5 h if the loading conditions
are similar or lead to similar amounts of energy dissipated. Note
that this value might depend on the tested material, stainless steel
in this case, and hence it is suggested to run at least one long
test with a different material to get an estimation of the required
amount of dissipated energy for reaching steady state.

• Hysteresis loops should be continuously recorded at the beginning
of a high-frequency vibration test since significant changes occur
during the initial seconds of the tests. After the first minutes, a
lower recording rate can be adopted, since hysteresis loops will
be more stable.

• Under low normal loads, e.g. below 17 N, instabilities at the
interfaces might occur during high-frequency testing. For exam-
ple, the Imperial rig experienced a chattering phenomenon due
to its particular rigidity. It is hence suggested to identify such
issues or avoid at all measurements under such low normal loads
if accurate input contact parameters estimations are needed for
nonlinear dynamic analysis.

• A wide range of nominal areas was investigated, from 1 mm2

up to 40 mm2, to understand which experimental input values
are best suited for nonlinear dynamic analysis. Based on the
results shown in this article, the answer depends on the accu-
racy of the numerical simulations. If the real topography of the
interface (i.e. its roughness, waviness and form) is well captured
with the employed models, then the pressure distributions could
be approximated with the simulations. By knowing the exact
pressure distributions, accurate 𝑘𝑡 estimations can be provided
by performing, at those pressures, simpler and more repeatable
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1 mm2 experiments with a rigid contact approach. However, if
the interface is numerically modelled as a nominally flat surface
with potentially a rough mesh, then it will be very unlikely that
a realistic pressure distribution can be predicted. In that case,
experiments with larger contact areas, ideally of the same size and
surface topology as the investigated components, would be re-
quired to know beforehand the realistic pressure distribution. For
larger areas, a self-aligning experimental setup is recommended.

• The significant effect of the contact surface topography on the
pressure distribution suggests that particular care should be taken
in ensuring that contact interfaces are manufactured according
to specifications. Geometric tolerances should be accurately spec-
ified in the technical drawings used to manufacture the com-
ponents to be tested. An important tolerance parameter is the
flatness of the contacting interfaces, which is defined as the
distance between two sets of parallel planes where the entire
referenced surface must lie, expressed in mm [87]. The smallest
flatness value defined in the ISO 2768 standard is 0.02 [88],
which corresponds to a 20 μm distance in the planes. This flatness
definition would not be acceptable for applications where friction
contacts are expected to impact the structural response [76] (in
the present study a flatness below 0.005 was chosen to guarantee
a uniform pressure distribution at the beginning of the tests).
The relatively large 0.02 flatness value defined in the standard
tolerance specifications suggests that designers should be aware
of possible unwanted bumps and wavinesses in critical contact
interfaces expected to be nominally flat during operation.

• Note that only room temperature was considered in this round
robin in order to simplify the analysis of the results and reduce
the complexity of the observed phenomena. However, industrial
components such as those in turbomachinery might experience
much higher temperatures (above 700 ◦C) and new physics could
occur under those conditions, which have not been investigated
here.

. Conclusions

A round robin test campaign was performed on the high-frequency
riction test rigs at Imperial College London and Politecnico di Torino.
he aim was to increase confidence in the measurement of contact

nterface parameters used as input for nonlinear dynamic analysis of
ointed structures. More than 100 specimen pairs with comparable
ominal contact areas were manufactured from the same batch of raw
tainless steel. They were used to measure millions of hysteresis loops
nder a range of loading conditions at room temperature that covered
he full range of both test rigs.

Values of friction coefficient, 𝜇, and tangential contact stiffness, 𝑘𝑡,
ere extracted and compared. Although the two friction rigs presented

undamental design differences, they provided similar values in the
easurements. Measured 𝜇 agreed well with differences below the
5%, probably coming from some uncertainty in the normal load
easurements and specimen assembly procedures. 𝑘𝑡 values showed

discrepancies up to 70%. These differences were due to the inherent
experimental uncertainty and to the fact that the contact surface to-
pographies of the specimens of the two rigs were slightly different.
To account for this experimental uncertainty in nonlinear dynamic
analysis, it is suggested to run at least two more sets of simulations
adjusting the 𝑘𝑡 values to be 70% higher and 70% lower than the
nominal chosen value.

It was also shown that 𝑘𝑡 slowly increases during the test because
f an increase in the worn area of contact. It is consequently necessary
o normalise it by the worn area of contact, rather than by the nominal
rea of contact as often practised in the literature. The normalised
𝑡, here named 𝐾𝑇 , also depended on the spatial distribution of the
orn area and not only its extension. A worn area distributed in a
16

ertain direction stiffens the contact when it moves mainly in that
direction and not in the others. Hence, the evolution of the worn areas
of contact should be included in simulations since it strongly affects the
kinematics of the contacting components. With regards to the loading
conditions, 𝐾𝑇 increased significantly with increasing normal loads,
in accordance with existing literature. It was also shown that 𝐾𝑇 ,
evaluated right after the load reversal, is much lower in hysteresis loops
with gross slip than in fully stuck hysteresis loops measured at lower
displacement amplitudes. This 𝐾𝑇 decrease in loops with gross slip is
here attributed to a reduced time for the ageing of the asperity contacts
at higher velocities, i.e. a velocity dependency, and should be included
in contact models.

With regards to the friction coefficient, it rapidly increased at the
beginning of the test during the first hysteresis cycles but it did not
show a clear dependency on the worn area of contact or on the other
loading conditions, except for a slight decrease for increasing normal
loads.

Based on those findings, specific guidelines have been proposed
to measure more accurately these contact parameters. Experimental
insights presented here lay the basis for an improved understanding of
contact, friction and wear, and provide useful information to develop
more reliable contact models to be used in the nonlinear dynamic
analysis of jointed structures. In addition to providing all experimental
data open access for use by the research community [60], the authors
would also encourage other research groups to participate in this
comparative study. More work is required to expand the test range of
the round robin test and generalise the findings, also to other materials.
By adding a further dataset, the statistical significance of the presented
data can also be increased. The addition of more friction rigs would
show how measurements change with a different setup. For example,
further investigations could be performed to quantify the effect of
the distribution and size of worn areas of contact and, hence, better
understand how different contact surface topographies and pressure
distributions affect the measurements. These and more measurements
would eventually validate the proposed hypotheses and increase the
confidence in the measured contact parameters, on the way towards
fully predictive models for the nonlinear dynamic analysis of jointed
structures.
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Fig. A.19. Fitting lines used for the extraction of the contact parameters. Two red
lines fit the stick part of the loop and two blue lines fit the friction limits.

Appendix A. Sensitivity study for the accuracy of the contact
parameters extraction method

A MATLAB® code has been written to automate the extraction
of friction coefficient and tangential contact stiffness, for increased
robustness and efficiency. The code is available open access in [60].
Since the contact parameter extraction can be a source of uncertainty in
addition to the uncertainty coming from the experiments, a sensitivity
study has been performed and described in this Appendix. Fig. A.19
shows a typical post-processed hysteresis loop. The code works by
fitting four lines to the hysteresis loop, i.e. two red lines that fit the
stick part of the loop and two blue lines that fit the friction limits. From
those lines, the contact parameters are extracted as follows.

A.1. Tangential contact stiffness extraction method

The tangential contact stiffness, 𝑘𝑡, is calculated as the gradient of
he stick portion of the loop from the point of motion reversal to the
oint where the force is equal to zero, which is far enough from the
eginning of the microslip region. Fig. A.19 shows, with red circles,
he points used for the linear fitting in the stick region of the hysteresis
oop. The value of the slope of the fitted red line is the 𝑘𝑡.

The accuracy of this extraction method was tested on an individual
ysteresis loop by changing the number of points used for the fitting.
ig. A.20a–c shows some examples in which points were added or
ubtracted for the fitting. The corresponding 𝑘𝑡 values are summarised

in Fig. A.20d.
The following conclusions are drawn from the Figure:
(1) The 𝑘𝑡 values (for the considered hysteresis loop) were all within

28.27 and 31.80 N/μm, with a maximum relative standard deviation
of 0.9%, being much lower than the deviation due to experimental
noise. The low relative standard deviation indicates that this extraction
technique is robust since it is not much sensitive to the number of points
used for the fitting.

(2) The 𝑘𝑡 is more sensitive to changes in the endpoints than changes
to the start points. This is expected since the endpoints are closer to
the microslip region and therefore tend to reduce more the slope of the
fitted line.

(3) 𝑘𝑡𝑅 is slightly larger than 𝑘𝑡𝐿. This is probably due to a slight
difference in the normal load of the two friction limits, which was
discussed in [13]. However, this effect is acceptable since the change
17

is below 2%. i
A.2. Friction coefficient extraction method

The friction coefficient is calculated with two methods, the energy
method and the standard method. Both methods are used in this
research since some studies in the literature use only the first method
and others only the second [36]. In this way, results could be compared
to more studies. The methods are described as follows:

(1) Energy loss formula [45], 𝜇 = 𝐸∕(2𝑁𝛥𝑥𝑠𝑙𝑖𝑝), where 𝐸 is the
nergy dissipated within the hysteresis loop (equal to the area inside
he loop, i.e. the integral of the friction force over the relative dis-
lacement), 𝑁 is the normal load and 𝛥𝑥𝑠𝑙𝑖𝑝 is the sliding amplitude
valuated between the two points with zero friction force as shown in
ig. A.19.

(2) Standard friction coefficient with the equation 𝜇 = (𝑇𝑡𝑜𝑝 +

𝑏𝑜𝑡)∕2𝑁 , where 𝑇𝑡𝑜𝑝 and 𝑇𝑏𝑜𝑡 are the (absolute) average top and bottom
riction limits as shown in Fig. A.19.

For the method 1 (energy friction coefficient), the normal load is
nown and constant, and it is measured during the test; the energy
issipated is estimated by the integral of the friction force versus the
elative displacement; therefore, the only term that can be affected by
ncertainty in the extraction method is the sliding amplitude, which
s estimated from the relative displacement of the two points of the
ysteresis loop where the friction force is zero. A sensitivity study
as performed to investigate how much this term varies if different
oints are used slightly above or below the 0 N friction force as
hown in Fig. A.21a. Fig. A.21b shows the result of such investigation
ith the 𝑒𝑛𝑒𝑟𝑔𝑦 𝜇 estimated from different sliding amplitudes. Even

or the extreme sliding amplitudes (reference positions +20 and −20
f Fig. A.21a), values do not differ much with a relative standard
eviation of only 0.34%. It is concluded that this extraction method
s robust and not much affected by the sliding amplitude extraction
rocess.

For the method 2 (standard friction coefficient), the uncertainty
ight only come from the average friction limits 𝑇𝑡𝑜𝑝 and 𝑇𝑏𝑜𝑡. The

riction limits are estimated by line fitting all the points between the
wo blue circles at the top in Fig. A.19 for the top friction limit and all
he points between the two blue circles at the bottom for the bottom
riction limit. The average value is extracted for each line (resulting
n 𝑇𝑡𝑜𝑝 and 𝑇𝑏𝑜𝑡 of Fig. A.19) and is then divided by the normal load
o estimate the friction coefficient. For this method, the sensitivity is
erformed by changing the position of the limit circles used for the
ine fitting of the friction limits. Fig. A.21c shows the limit reference
ositions of the limit circles used for the line fitting. The resulting
𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝜇 values are shown in Fig. A.21d. Also for this method, the
tandard deviation is quite low, only 0.27%, thus indicating that this
xtraction technique is robust as well. More details on the differences
etween different friction coefficient estimation methods can be found
n the following review3 [36].

In conclusion, the sensitivity study presented in this section showed
that the relative standard deviation is below 0.9% for the contact stiff-
ness extraction and below 0.5% for the friction coefficient extraction.
Since the variability for both contact parameters is reasonably low, it
is concluded that the developed method is reliable and robust.

3 Note that a feature of the analysed hysteresis loops is the increasing
riction force during gross slip, which is not perfectly constant as expected
rom the Amontons-Coulomb law of friction. This non-constant behaviour has
een described in a previous study [65], which attributed it to local wear scar
nteraction effects during the reciprocating sliding (e.g. interference of local

nterlocking peaks and troughs on the worn surfaces).
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Fig. A.20. Sensitivity study on the tangential contact stiffness: (a–c) hysteresis loops with different number of points chosen for the linear fitting and corresponding 𝑘𝑡 values (𝑘𝑡𝐿
and 𝑘𝑡𝑅 are the stiffnesses estimated from the left and right stick regions respectively); (d) 𝑘𝑡 values for different combinations of points used for the fitting.
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Fig. A.21. Sensitivity study on the friction coefficient (a–b) energy 𝜇 and (c–d) standard 𝜇: (a) Minimum and maximum reference positions for the sliding amplitude estimation
for the energy friction coefficient calculation; (b) Energy friction coefficient for sliding amplitudes estimated at different positions; (c) Minimum and maximum reference limit
points for the fitting of the friction limits; (d) Standard friction coefficient estimated from friction limits fitted to points limited by different reference positions.
Fig. B.22. (a) Typical evolution of the contact stiffness during a 2.5 h long test, and identification of the steady state values. The specimen interface at the end of the test is also
shown; (b) Violin plot of the steady state values of the test in (a). The white marker indicates the median of the data; the black marker indicates the interquartile range (between
the 1st and 3rd quartiles); the blue shaded area includes all sample points.
Appendix B. Analysis of steady state values of contact parameters
for each test

This Appendix shows a detailed analysis of the steady state values
of contact parameters for each test. An example of a typical trend is
shown in Fig. B.22a. In the case a steady state existed, its beginning
was marked manually (as indicated by the vertical red dashed line) and
a statistical analysis was performed on the steady state values. Violin
19
plots [89] were used to plot the statistical distribution of the steady
state values since they provide an understanding of the data distri-
bution, while not taking more space than box plots. As an example,
Fig. B.22b shows the violin plot of the steady state values of the test
in Fig. B.22a. Violin plots of all the tests performed within the round
robin are shown in the following Figures to understand the intrinsic
uncertainty of the Imperial 𝑘𝑡 (Fig. B.23), PoliTO 𝑘𝑡 (Fig. B.24) and
friction coefficients of both rigs (Fig. B.25).
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Fig. B.23. Violin plots of the steady state values of the (a) tangential contact stiffness, 𝑘𝑡 and (b) worn area normalised tangential contact stiffness, 𝐾𝑇 , of every round robin test
on the Imperial friction rig. Each violin corresponds to a different test for one normal load, displacement amplitude and nominal area of contact. The legends indicate the mean
and standard deviation of the steady state values of each test. The figure titles indicate the worn areas of the three tests and the energy dissipated when the steady state was
reached (note that in most of the tests the steady state was not reached, and the energy represents the energy towards the end of the test). Chattering is often observed during
tests at 17 N normal load and that is why the standard deviation is quite large in those tests. Note that tests performed at 1 mm2 are not normalised by the worn area of contact,
because no wear marks were present at the end of the tests.
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Fig. B.24. Violin plots of the steady state values of the (a) tangential contact stiffness, 𝑘𝑡 and (b) worn area normalised tangential contact stiffness, 𝐾𝑇 , of every round robin test
on the PoliTO friction rig. Each violin corresponds to a different test for one normal load, displacement amplitude and nominal area of contact. The legends indicate the mean
and standard deviation of the steady state values of each test. The figure titles indicate the worn areas of the three tests and the energy dissipated when the steady state was
reached (note that in some of the tests the steady state was not reached, and the energy represents the energy towards the end of the test). Tests with unmeasured worn areas
are not presented.
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Fig. B.25. Violin plots of the steady state values of the friction coefficient of every round robin test on the (a) Imperial and (b) PoliTO friction rigs. Each violin corresponds to a
different test for one normal load, displacement amplitude and nominal area of contact. The legends indicate the mean and standard deviation of the steady state values of each
test. The figure titles indicate the worn areas of the three tests and the energy dissipated when the steady state was reached. Chattering was often observed during tests at 17 N
normal load at Imperial and that is why the standard deviation is quite large in those tests.
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