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a  b  s  t  r  a  c  t

Sliding  motion  between  two  rough  solids  under  light  normal  loading  involves  myriad  micro-impacts
between  antagonist  micro-asperities.  Those  micro-impacts  are  at the  origin  of many  emerging  macro-
scopic  phenomena,  including  the  friction  force,  the  slider’s  vibrations  and  the  noise  radiated  in the
surroundings.  However,  the individual  properties  of the  micro-impacts  (e.g.  maximum  force,  position
along  the interface,  duration)  are  essentially  elusive  to measurement.  Here,  we  introduce  an  instru-
mented  slider  aimed  at measuring  the  position  and  the  normal  component  of  the  micro-impact  forces
during  sliding  against  a rough  track.  It is  based  on an  array of  piezoelectric  sensors,  each  placed  under
Array of piezoelectric sensors
Local force measurement
Tribology
Sliding rough contact
Roughness noise

a  single  model  asperity.  Its  dynamical  characteristics  are  established  experimentally  and  compared  to  a
finite elements  model.  We  then  validate  its  measurement  capabilities  by using  it  against  a  track  bearing
simple,  well-defined  topographical  features.  The  measurements  are  interpreted  thanks  to  a simple  multi-
asperity contact  model.  Our slider  is  expected  to be  useful  in future  studies  to provide  local  insights  into
a  variety  of  tribological  questions  involving  dry  rough  sliding  interfaces.

©  2020  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Contacts between solids are submitted to complex force fields
developing along the interface, the characteristics of which depend,
among others, on the external loading, the macroscopic geome-
try and the surface topographies (see e.g., 27 for a recent review).
Because those force fields directly control several key tribological
phenomena including energy dissipation, wear or sliding-induced
vibrations, the measurement of local contact forces is highly desir-
able. However, in general, such measurements remain challenging
due to the difficulty to place non-invasive local force sensors in
the close vicinity of the interface. Still, with the goal of better
understanding the elementary mechanisms occurring along fric-
tional interfaces, a number of local force measurement methods
have been proposed in the literature.

One strategy is to embed one or several force sensors inside
the bulk of one of the two solids in contact. Each sensor, with a
lateral size l, probes the stress field at a certain depth h below

the surface. Those non-vanishing length scales are responsible for
the limited spatial resolution of the measurement: first, the local
stress at a depth h is an average over the surface stresses within

∗ Corresponding author.
E-mail address: julien.scheibert@ec-lyon.fr (J. Scheibert).
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 region of typical extension h; second, the stresses at depth are
hemselves integrated over the sensor area. Overall, one expects
he sensor output to be sensitive to the interfacial forces acting
n a region of typical lateral extension l + h. Various technologies
ave been tested for the embedded sensors, including strain gauges
26], piezoelectric [8] or piezoresisting elements [9,16], pressure-
ensitive electric conductive rubber (PSECR) [30] and MEMS  [3],
ith applications not only to tribology, but also to haptic sen-

ors (see 5,21 for reviews). For instance, millimeter-sized MEMS
orces sensors embedded at the base of a rough elastomer slab of

illimetric thickness have been used not only to investigate the
ressure and shear stress fields at the contact between the rough
lab and rigid smooth sliders [24,23], but also to unravel the effect
f fingerprints on the tactile perception of fine textures [22].

Another strategy is to probe the rough contact interface in
 minimally-invasive way, for instance using an imaging tech-
ique through a transparent material. The shear stress field can
e accessed by inversion of the in-plane displacement field [4,18],
hich can be obtained by following the motion of appropriate trac-

rs, either incorporated on purpose [4,14] or naturally present in
he image [18]. The spatial resolution of such measurements is

ypically limited by both the depth of the tracers and their inter-
istance (although the latter limitation can be significantly reduced

n steady state conditions [4]), or by the size of the correlation box
hen a digital image correlation (DIC)-like method is used to mea-

https://doi.org/10.1016/j.sna.2020.112478
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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Fig. 1. Sketch of an instrumented slider (top) on a rough track (bottom). The slider’s
surface is equipped with several model asperities (blue spherical caps), each of them
being monitored by a dedicated local force sensor. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web  version of this
article.).
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The top surface of the slider (on which the model asperities will
sure the displacements [18]. If the surface topography is specifically
engineered as a population of well-defined micro-spheres, both
shear and normal forces on each micro-contact can be estimated
from its in-plane displacement and true contact area [20].

In this work, our objective is to propose a measurement tool
useful to better understand the phenomena occurring at the slid-
ing interface between two rough metallic surfaces under light
normal loading. In such lightly loaded interfaces, the contact pres-
sure is much smaller than the materials’ elastic moduli, so that
each micro-contact induces local displacements which remain
negligible compared to the size of the largest asperities in the
topographies. In those conditions, the interactions between two
rough surfaces is expected to be essentially geometrical and to be
localised at the (almost undeformed) tip of a few individual asperi-
ties at each instant. The sliding motion of a rough slider on a rough
track thus induces a motion normal to the interface, as the slider
passes over a succession of random asperities of the track [17].

When the slider and/or track are not perfectly rigid, and when
the sliding speed is large enough, the interaction between the two
rough surfaces is a succession of micro-impacts between antag-
onist asperities, which trigger a vibration of the solids, through
not only their rigid body modes, but also their other eigenmodes.
Overall, those vibrations are the source of the so-called roughness
noise [1], the empirical laws of which have been studied extensively
[29,25,13,2]. However, such empirical laws remain unexplained,
and both numerical modelling [6] and statistical analyses [12] point
towards the challenging need to better describe the forces involved
in the individual, sub-millisecond-lived micro-impacts.

To address this challenge, none of the two above-mentioned
measurement strategies (embedded sensors and optical monitor-
ing) is suitable. First, metals being opaque to light, imaging methods
cannot be applied. Second, the non-vanishing size of the region
probed by a sensor buried inside the solid material generally
encompasses a large number of surface asperities, thus impeding
identification of individual asperity/asperity impacts. Here, to over-
come these difficulties, our strategy is to design a slider equipped
with an array of well-defined surface asperities, each of them being
monitored by a dedicated force sensor (Fig. 1). The expected short
duration of micro-impacts, typically shorter than a millisecond [6],
requires a large measurement bandwidth to be time-resolved, lead-
ing us to choose piezoelectric elements as sensors.

In this paper, our scope is not to address directly the problem
of the roughness noise and sliding-induced vibrations under light
normal loading, but to present a new in situ measurement tool
which will be useful for that purpose in future works. The paper
is organised as follows. First, we describe the main elements of
conception of the slider, its practical realisation, and its calibra-
tion (section 2). Then, we demonstrate its tribological relevance by
using it on a track with simple topographical features (section 3),

and by interpreting the signals with a simple multi-asperity model
(Supplementary Material, SM).
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. Description and calibration of the slider

Before describing the details of the developed instrumented
lider (section 2.1), let us note that general micro-impact forces
re expected to have random directions with respect to the inter-
ace. Indeed, the tangent plane of each micro-contact can very well
e different from the average plane of the macroscopic contact

nterface. In addition, each micro-contact is submitted not only
o repulsion forces normal to the local contact tangent plane to
void interpenetration of the solids, but also to friction forces act-
ng along the local contact tangent plane. Thus, one would ideally

ant to access the three components of the micro-contact forces,
hich would require three co-localised sensors associated to each
odel asperity at the slider’s interface. In this first work, to avoid

n excessive complexity in the design and realisation of the slider,
e decided to use only one sensor unit per asperity, to measure

nly the projection of the micro-impact forces on the normal to the
lider’s average plane.

One could imagine that the slider may  simply be prepared with
n array of model asperities, each of which being directly attached
o a dedicated piezoelectric element (like in Fig. 1). However, during
liding on a rough frictional interface, the piezoelectric elements
ould be submitted to non-negligible tangential forces, with two
ifferent undesired consequences. First, a given piezoelectric ele-
ent is generally sensitive to all directions of an external stimulus

although with different sensitivities), making it impossible to sep-
rate the different contributions from a single charge output [7].
econd, piezoelectric ceramics can easily be damaged by an even
odest shear stimulus [28]. Thus, a large part of the chosen design
ill be justified by the necessity to expose the piezoelectric ele-
ents to normal forces only. In practice, we have tested various

esign options, each of which has been evaluated using a finite
lement model (FEM) of the full instrumented slider (section 2.2).
he final design has thus been selected after a FEM-assisted trial-
nd-error procedure. The predicted capabilities of the slider, in
articular in terms of locality and bandwidth of the measurements,
re furthermore affected by the rest of the measurement chain
section 2.3), and are finally compared to actual measurements
nd calibrations in section 2.4. The signal analysis allowing effi-
ient localisation and force estimates of individual micro-impacts
s discussed in section 2.5.

.1. Slider’s specifications and mechanical assembly

Fig. 2 shows an exploded view of all mechanical parts consti-
uting the instrumented slider. The sensing units (label 2 in Fig. 2)
re nine circular plate-shaped elements (15 mm diameter, 1 mm
hick) of a piezoelectric ceramic (PZ27, Ferroperm F1270508) with
he electrodes on the flat surfaces. The piezoelectric elements are
rst glued with an epoxy glue at the surface of a thick anodised
luminum (2017A) base (label 1). On top of each of them is then
lued a fitting part (label 3) having a cylindrical base with the
ame diameter as the piezoelectric element, topped by a cylin-
rical body with a smaller diameter, itself ended by a spherical
ap (radius of curvature 7.5 mm).  Precise in-plane positioning of
he piezoelectric elements and their associated fitting parts dur-
ng gluing was  achieved using a dedicated 3D-printed positioning
art. To minimise the thickness of the glue films, gluing was  per-

ormed under a dead weight of 2.6 kg. The resulting altitudes
f the summits of the nine spherical caps was  measured with
n interferometric profilometer, and found to deviate from their
ean plane by less than 46 �m each (32 �m standard devia-
e attached), is a carbon steel plate of thickness 0.5 mm (label 8).
t is pressed onto the nine spherical caps (label 3) using a thinner
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Fig. 2. Exploded 3D view of the various mechanical parts constituting the instru-
mented slider. 1: Aluminum base. 2: Piezoelectric elements. 3: Sphere-ended
aluminum fitting parts. 4: Hollow cylinder-shaped spacers. 5 & 7: M3  screws. 6:
Hollow carbon steel spring plate. 8: Carbon steel top plate, featuring 8 threaded

F
a

w
(
t

r
i
n
s
s
o
a
i
w
w

2

m
d
p
s

u
s
s
t
q
a
s
r
u
d
c
n
m
g
s
n
g
t
a
the convergence of natural frequencies of a 0.25 mm  thick, 60 mm
hollow cylinders on its bottom, and 9 sphere holders on its top. 9: Bearing steel
sphere.

(0.25 mm thick) carbon steel spring plate (label 6) featuring nine
holes through which the spherical caps can pass and come into
contact with the top plate. The spring plate is first mounted on
the base (label 1) through eight top-headed screws (label 7), each
passing through a cylindrical spacer (label 4). The top plate is then
attached to the spring plate with eight down-headed screws (label
5) screwed into eight threaded cylinders spot-welded on the bot-
tom surface of the top plate. Those screws can be actuated from
the bottom surfaces of the base, through eight dedicated through-
holes.

The spring plate serves two crucial roles. First, its relatively
small bending stiffness is used to pull the top plate in contact with
all nine spherical caps, although they have slightly different alti-
tudes. In practice, the design of Fig. 2 includes an initial 300 �m
gap between the spring plate and the threaded cylinders attached
to the top plate. So, by fine tuning the angles of all eight individ-
ual down-headed screws (label 5), a pre-load can in principle be
applied and adjusted on each spherical cap. Here, we did not use this
fine-tuning capability and fully screwed all down-headed screws.
Thus, no progressive loosening is expected during the lifetime of
the slider, so that no additional anti-unscrewing glue was  deemed
necessary. The pre-load is chosen large enough so that the contact
between spherical caps and top plate is never lost, even in the case
of transient negative loads, for instance during potential vibrations
of the top and/or spring plates. The sphere/plane geometry of the
contact imposes a well-defined location of the normal force on the
fitting part, which, for a pure normal load applied by the top plate,
eliminates any torque on the surface of the piezoelectric element.
Second, the large in-plane stiffness of the spring plate essentially
prevents any lateral motion of the top plate relative to the spherical
caps, even in case a significant shear load is applied to the top plate.
The spring plate is thus the main design element ensuring that the
piezoelectric sensors are exposed to almost purely normal stimuli.

The top surface of the top plate further features nine spot-
welded cylinders with an upper conical hole, into which model
asperities can be fixed. The base also features two lateral arms,
which will prove useful to push the slider during tribological exper-
iments (section 3). The grooves on the top surface of the base serve
as channels to fit the cables connecting the nine piezoelectric ele-

ments, as described in section 2.3. The fact that the piezoelectric
elements are glued above the grooves and not between two  per-
fectly flat surfaces may  cause a non-linearity of the sensors, but

×
A
0

3

ig. 3. View of the slider indicating the labels of all asperities, used all along the
rticle.

e  have checked that, in our case, this effect remains negligible
see section 2.2). All dimensions of the slider can be found in the
echnical drawings of Fig. S1 (in SM).

Finally, a bearing steel sphere (type SAE 52100, particularly
esistant to wear) with a radius of curvature of 0.75 mm is glued
n each conical hole of the top plate, so that the slider features
ine spherical asperities at its surface. A picture of the complete
lider is shown in Fig. 3. In the conditions used in the rest of this
tudy, all contact interactions between the slider and a track will
nly occur through one or several of those nine potential spherical
sperities. Their individual altitudes have been measured with an
nterferometric profilometer, and are provided in Table S1 (in SM)

ith respect to their mean plane. Their standard deviation is 72 �m
hile their maximum difference is 203 �m.

.2. Finite element analysis

To design the instrumented slider, we built several finite ele-
ent (FE) models of the slider, with different architectures and

imensions. Here, we present the static and modal characteristics
redicted by the FE model of our final design solution, described in
ection 2.1.

The entire instrumented slider was discretized and analysed
sing the software Ansys. As shown in Fig. 4, all parts of the
lider were discretized into tetrahedral 3-D elements. They pos-
ess 10 nodes, 3 degrees-of-freedom per node corresponding to
ranslations in the 3 directions, and such that displacements have
uadratic approximations. Elements are used with homogeneous
nd isotropic elastic solid behaviour, except for the piezoelectric
ensors, which are anisotropic. The material properties of all mate-
ials are reported in Tab. S2. The total final number of elements is
p to 340,000, leading up to 610,000 nodes and about 1.8 million
egrees-of-freedom. The most critical part of the model is the dis-
retization of the spring plate (label 6 in Fig. 2), because a minimum
umber of elements in the thickness is required. To determine this
inimum number, we have performed two preliminary conver-

ence tests. The first test is based on the modal analysis of a simply
upported, 0.25 mm thick, 60 mm × 60 mm steel plate, for which
atural frequencies and modal shapes are analytically known. A
ood agreement was obtained with a 0.1 mm element size, leading
o relative errors less than 0.2% for the first ten natural frequencies,
nd to well-reproduced modal shapes. The second test consisted in
 60 mm free-free plate with the same holes as in our final design.
gain, a 0.1 mm element size was found adequate. Thus, we used
.1 mm-sized elements to discretize both the top plate (label 8,
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Fig. 5. Eigenfrequencies of the slider up to 10 kHz, as calculated with the FE model
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Fig. 4. Mesh of the slider. (a): full mesh. (b): zoom on one sensing unit (label 3 in
Fig. 3).

147,000 elements) and the spring plate (label 6, 66,000 elements),
while 2 mm elements were used for the base (label 1, 70, 000 ele-
ments) and for each sensor (label 2, 350 elements), long screws
(label 7, 1800 elements), small screws (label 5, 1300 elements) and
spacer (label 4, 200 elements). For the spherical-capped fitting parts
(label 3, 3,300 elements), the element size was 2 mm except for the
cap, which had an element size of 0.5 mm.  Junctions between parts
are modelled as fully bonded contacts, except for the connection
between the top plate and spherical caps. For the latter, we used
unilateral normal contact and Coulomb friction with a friction coef-
ficient of 0.5, a conservative value larger than the expected range
for aluminum/steel contacts [15].

We  evaluated the relationship between a static load applied to
each surface asperity and the resulting force in all nine sensors. For
such static finite element calculation, we assumed that the base
is perfectly rigid. So, we removed it from the model and instead
imposed clamped boundary conditions on the corresponding faces
of the other parts usually in contact with the base. The contact
between the top plate and each of the nine spherical caps was pre-
loaded in a similar way as in the assembly of the experimental slider
(see section 2.1): the 300 �m air gap between the spring plate
and the threaded cylinders of the top plate was first replaced by
the same volume of steel; then all top-headed screws and spacers
(labels 7 and 4 in Fig. 2) were displaced downward by a common
value of 300 �m.  The resulting deformations in the spring plate
have an amplitude of 300 �m,  while the (stiffer) top plate deforms
by no more than about 30 �m.  The generated pre-loads were about
16 N on sensors 1, 3, 7 and 9 (the sensors on the four corners of the
top plate), 12 N on sensors 2, 4, 6, 8 (on the four sides) and 7 N on
sensor 5 (on the center). For each surface asperity i, a simulation
with an additional vertical force Fi = 10 N applied on it was  carried
out, and the transmitted force in all sensors was  calculated. The
results were summarised as a static response matrix H (Fig. S2).
Each element Hij represents the resulting vertical force on the jth

sensor induced by the force applied on the ith spherical cap. H is
a strictly diagonally dominant matrix, with

∑
j /=  i

∣∣Hij∣∣< 0.05
∣∣Hii∣∣

and Hii > 0.95Fi. In conclusion, a static force applied on a given sur-
face asperity is transmitted to the corresponding sensor with less

than 5% rejection on the other sensors, which was considered close
enough to the desired behaviour for our final design.

Similarly, we applied tangential loads between 1 and 100 N on
each of the surface asperities, and looked at the induced tangen-
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ith the bottom face fixed.

ial forces in all piezoelectric sensors. The latter forces have been
ound to be always smaller than 9 % of the applied load. The equiv-
lent shear stress was always below 0.1 MPa, well below the yield
trength of the piezoelectric sensors (about 40 MPa). This result
ndicates that our design is expected to be effective in protecting
he piezoelectric elements from potentially damaging shear forces.

To test the potential influence of the grooves above which the
iezoelectric sensors are glued (see Fig. 4(b)), we  performed the

ollowing additional static FE simulations, using the extension ACT
iezo & MEMS  of Ansys. We  considered a single sensing unit made
f one piezoelectric element (label 2 in Fig. 2, piezoelectric mod-
li e31 = −3.09 C.m2, e33 = 16.0 C.m2, e15 = 11.64 C.m2, and relative
ermittivities at constant strain εS1,r = 1129.69 and εS3,r = 913.73,
quipotential condition on both faces) and its spherically-capped
tting part (label 3), bonded either on a flat solid (reference case)
r on a grooved solid. In both cases, a nominal normal force was
pplied over a circle of radius 1 mm around the apex of the spher-
cal cap, together with an additional tangential load (along x or y)
n the range [0–0.1] N and/or an additional torque (around x or y)
n the range [0–0.1] N/m. In all those cases, the difference between
he reference and grooved cases was  found less than 3.6% for the
lectric potential difference (voltage) generated between the two
aces of the piezoelectric element, suggesting a negligible influence
f the groove on the force measurement.

To qualify the frequency domain on which the instrumented
lider conveniently responds, and its dynamic performance, we
hen performed a (purely mechanical, i.e., not including piezoelec-
ricity) modal analysis for the full model (i.e., now including the
ase) over the frequency range [0–10] kHz. The bottom face of the
ase has fully constrained displacements, and, to ensure linearity of
he calculations, the contacts between sphere-ended fitting parts
nd top plate are now fully bonded over a circle of radius 0.47 mm.
he eigenshapes of the two  first eigenmodes (eigenfrequencies in
he range 1.5–1.9 kHz) are shown in Fig. S3. Each eigenshape con-
ists of a particular combination of deformations of the top and
pring plates. Modal displacements at the locations of the nine con-
acts remain very small, due to the high vertical stiffness of the
iezoelectric ceramic and fitting part compared to that of the top
nd spring plates.

Fig. 5 presents all the calculated eigenfrequencies. As can be
een, they are not evenly distributed over the frequency range, but
orm several mode packs. For plates in flexural vibration, the modal
ensity is expected to be constant versus frequency [11]. How-
ver, mode packing arises when the system has a sort of spatial
eriodicity [10], as is the case with the regular arrangement of con-
ections between the top and spring plates, and between the spring
late and base. Such a design is thus presumably responsible for the
bserved heterogeneous modal density.

The first mode pack is found at around [1.5–2.2] kHz, so that
e can assume a static behaviour of the instrumented slider in the

ange [0–1.5] kHz. From this point of view, the adopted design is
xpected to enable monitoring of impacts of duration about and
elow the millisecond, one of the desired features mentioned in
he introduction. Based on the static results, we  then expect that,

elow 1.5 kHz, the rejection on sensor j /= i of an impact occurring
n asperity i will remain less than about 5%.
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Fig. 6. Force frequency response of all sensors when asperity 1 is excited, in dB
Fig. 7. Typical response of all nine piezoelectric sensors when asperity 1 is impacted
with a hammer. Grey: force in hammer vs. time. Black dashed (other colors, solid):
concurrent force in piezoelectric sensor 1 (in the other eight sensors) (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
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]). Dotted vertical lines: eigenfrequencies predicted by the FE
modal analysis.

To better assess the expected dynamical behaviour of the slider,
we finally calculated the force frequency response of all sensors
to a harmonic vertical stimulus on a single asperity, using the
mode superposition method. The results are shown on Fig. 6 in
the case of a stimulus on asperity 1. As expected, the force fre-
quency response of sensor 1 is very close to 1 for all frequencies,
because the force on asperity 1 is directly transmitted to sensor 1
with little loss through the other sensors. Indeed, below 1.5 kHz,
the force frequency responses of all other sensors are smaller than
−55 dB. Interestingly, the two sensors with the largest response
are sensors 2 and 4, which are the nearest neighbours of asperity 1.
The responses are actually frequency-dependent, and in particular
peaks can be seen in the vicinity of the eigenfrequencies, especially
around 2, 3 and 8 kHz. Nevertheless these peaks remain small (max-
imum value of −30 dB), meaning that, even in the highly dynamic
frequency domain, the excited sensor is still predicted to capture
most of the imposed dynamical force.

2.3. Related instrumentation

In order to acquire the time-evolution of the nine pressure sig-
nals, a shielded cable (AC-0005-K, Brüel & Kjær) was first welded
on each piezoelectric element, before the gluing step described in
section 2.1. Both welding points are located on the same face of
the piezoelectric plate-shaped elements, thanks to one of the elec-
trodes being wrapped around the thickness of the element. Thus, for
the gluing step, the extra thickness due to the two  welding points
and the emerging cables can be fitted into the grooves present on
the top surface of the base, toward the outside of the slider (see the
cables emerging from the channels in Fig. 3).

The cable conveying the charges generated by each of the nine
piezoelectric elements is connected to one input channel of a condi-
tioning amplifier (2694A, Brüel & Kjær, bandwidth [1 Hz–50 kHz]),
through a charge-to-DeltaTron converter (2647, Brüel & Kjær,
1 mV/pC, bandwidth [0.17 Hz–50 kHz]). The outputs of the condi-
tioning amplifier are finally acquired using a 32-channels recorder
and analyser (OR38, OROS). The acquisition rate is set to 25 kHz,
ensuring that frequencies up to 12.5 kHz are adequately acquired.
Note that the overall bandwidth of the measurement chain is

[1–12,500] Hz, which implies that the average value of the pressure
signal is not available. In the dynamical conditions of a rough/rough
contact sliding at sufficiently high speeds and involving impacts
in the millisecond range, as targeted with this instrumented
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eb version of this article.).

lider, this is not a limitation. However, for combined low sliding
peeds and large wavelengths of the topography, like in some of
he test conditions explored in section 3.2, the lower-frequency,
nformation-bearing contents of the pressure signals may be fil-
ered out from the outputs.

The multi-channels acquisition device is used not only for the
ressure outputs from the piezoelectric sensors, but also for the
ther measured signals: impact-hammer force (section 2.4) and
riction force (section 3), so that all of them are acquired with the
ery same time frame.

.4. Dynamical characterisation

To calibrate and characterise the dynamical capabilities of our
nstrumented slider, we  conducted a series of experiments in which
he slider was  first clamped to the table. Then each of its nine
ndividual surface asperities was  submitted to short stimuli by
n impact hammer (PCB piezotronics, model 086C03) equipped
ith a steel impact cap. Ten impacts have been performed on each

sperity, and for each, the response of all nine sensors has been
onitored. All calibration experiments have been performed at

oom temperature.
Fig. 7 shows the results of a typical experiment. The impact

uration is of order 0.5 ms,  with a maximum force of order 100 N.
he response of the piezoelectric sensor located just below the

mpacted surface asperity is essentially identical to that of the ham-
er. As a consequence, for each impact, we could determine a single

calar coefficient relating the force amplitude of the hammer’s
esponse to the voltage amplitude from the stimulated piezoelec-
ric sensor. For each sensor, the sensitivity value was then taken
s the average of those coefficients over the ten impacts on it.
ote that those coefficients have been applied to all signals in
ig. 7.

When an impact is made above one of the nine piezoelectric
ensors, the eight other sensors have a non-vanishing oscillating

esponse, as seen in Fig. 7. This is an undesired feature of our instru-

ented slider, due to residual coupling between sensors. Those
echanical couplings are presumably due to the finite stiffness of

he top plate of the slider, through which normal vibrations can
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Fig. 8. Average PSDs of the nine output signals from the piezoelectric sensors and
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from the impact hammer, over ten impacts on asperity 1, one of which is shown in
Fig. 7. Dotted vertical lines: eigenfrequencies predicted by the FE modal analysis of
section 2.2.

propagate and affect all sensors1 . This interpretation is consis-
tent with the results of the modal analysis presented in section
2.2, where it is seen that the first eigenmodes of the slider are
related to deformations of the top plate involving its whole sur-
face, and not localised around a single sensor. In addition, the first
predicted eigenmodes have frequencies expected between 1.5 and
2 kHz, which can easily be excited by the considered impacts of
duration of the order of, but shorter than, 1ms. And indeed, in the
various coda of Fig. 7, one can see oscillations with a typical fre-
quency of order a few kHz (see, e.g., the coda of sensor 1 at about
3 kHz).

The frequency contents of the signals illustrated in Fig. 7 can
be seen in Fig. 8, which shows the average Power Spectral Den-
sity (PSD) over the ten impacts performed on asperity 1. It appears
that the spectra of the hammer and of the directly excited sensor
are equal in the whole frequency range up to 10 kHz, meaning that
mechanical energy is actually injected and accurately measured by
the piezoelectric sensor up to 10 kHz. Note that the shape of the
PSD, with its local minima at about 4700 and 7300 Hz, is fully con-
sistent with that of a half-sine wave of duration 0.33 ms,  which is
a good approximation of the force signal in the impact hammer. As
expected, for most of the frequencies in the range [1–1000] Hz, the
other spectra are much weaker, by more than one order of mag-
nitude. However, the spectra of the sensors that are not directly
excited by the hammer exhibit a series of peaks, whose amplitudes
almost reach that of the excited sensor. Those peaks are interpreted
as the eigenmodes of the slider, which is substantiated by the good
matching between the frequency bands in which the peaks in the
PSD are found, and those in which the eigenmodes have been pre-
dicted using the modal analysis of section 2.2 (Figs. 6 and 8). Note

that Fig. 8 is actually in nice qualitative agreement with the FE pre-
dictions of Fig. 6: sensors 2 and 4 are also among the ones having
the strongest response when asperity 1 is excited, and the signals of

1 This assumption is substantiated by a test, performed on another (although very
similar) version of the instrumented slider. The top and spring plates were removed
before hammer impacts were applied directly on the spherical caps (label 3 in Fig. 2)
glued on the piezoelectric sensors. In those conditions, the oscillating coda of the
signals were significantly reduced.
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he non-excited sensors are enhanced in the same frequency bands
especially visible around 2 and 3 kHz). Overall, we emphasise that
he large difference in amplitude between the excited asperity and
he others, for all frequencies below 2 kHz, is a significant success,
ecause it opens to possibility to identify the impacted asperity
rom the unsollicited ones.

.5. Impact localisation and force estimation

Based on the experimental results of section 2.4, we now dis-
uss the expected capabilities of our instrumented slider to locate
n space and time, and to measure the amplitude of, a single impact
mong a random series of impacts. Given the large altitude of the
ine spherical surface asperities with respect to the surface plate
about 3 mm),  tracks free from high-aspect-ratio protuberances
ill make contact with the slider only at those surface asperities,

nd not via the plate. Spatially locating an impact thus reduces
o identifying which surface asperity is involved among the nine
ossible ones.

odel of the sensors’ outputs
Assuming that the slider behaves linearly and that, conse-

uently, the principle of superposition holds, the time output of the
th piezoelectric sensor, Sj(t), can thus be written as a sum over the
ontributions of the individual forces on all nine surface asperities,
s follows [19,11]:

j(t) =
9∑
i=1

∫ ∞

0

Cji(�)Fi(t − �)d�, (1)

here Fi(t) is the force signal applied on the ith surface asperity,
nd Cji(t) is the response function of sensor j to an infinitely short
mpact on asperity i. Estimating the precise form of the 9 × 9 = 81
unctions Cji is a very challenging task that we  do not attempt to
erform here. Instead, we  will make some assumptions enabling
implification of Eq. (1) in an analytical way, thus providing a direct
nderstanding of its metrological implications.

We first neglect any output from the piezoelectric sensors when
o force is applied to the slider, i.e., we  neglect the codas in Fig. 7.
uring an impact, we  already noted in section 2.4 that the output of

he impacted sensor faithfully represents the time evolution of the
xternal force. What can be seen from Fig. 7 is that, for all the other
ight sensors, the output during the impact has a bell shape with

 small, negative amplitude. Although each of those signals has an
ndividual extremum at a different instant, we now further assume
hat they all have the same shape as the external force (but different
mplitudes). The two above-mentioned assumptions allow us to
educe the response functions to:

ji(�) = ajiı(�), (2)

here the coefficients aji are assumed to be constants (unit V/N),
nd ı is the Dirac delta function. The coefficients ajj correspond to
he individual sensitivities of the piezoelectric sensors, whose (pos-
tive) value has been estimated as described in section 2.4 and used
o plot sensor outputs in Newtons in Fig. 7. In a similar way, we  eval-
ated the values of the aji,i /=  j as the average value, over ten stimuli
y the impact hammer on surface asperity j, of the extremum value
f the output of sensor i over the duration of the impact. If the
nstrumented slider was  perfect, we would have aji = 0 for all i /=  j.
n contrast, as seen in Fig. 7 from the signals of sensors 2 to 8 during
he impact, the aji,i /=  j have non-vanishing (negative) values, which
haracterise cross-talk between the outputs from different sensors.
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Inserting Eq. (2) into Eq. (1), and dividing by ajj , we  obtain the
following simplified relationship:

Sj(t)
ajj

= Fj(t) +
9∑

i=1,i /=  j

aji
ajj
Fi(t). (3)

The quantity Sj(t)/ajj is an estimate of the impact force, Fj(t), based
on the sensor output, Sj(t). If all aji,i /=  j = 0, the estimate is accu-
rate because Sj(t)/ajj = Fj(t). In reality, the estimate is biased by

an error E(t) = ∑9
i=1,i /=  jpjiFi(t), which depends both on the ampli-

tudes of the external forces, Fi(t), and on the ratios of cross-talk
over sensitivity coefficients, pji = aji/ajj . By definition, all diago-
nal elements of the pji matrix are 100%. Except for sensor 4, all
non-diagonal terms remain smaller than 10% (Fig. S4), indicating a
relatively small cross-talk between outputs.

Localisation strategies
Let us first consider the case where the slider is submitted to

a series of impacts happening sequentially, without any overlap
in time: for each external force signal Fj(t) on asperity j, Fi,i /=  j = 0
in the same time interval. We  are in the favourable case, already
tested with the impact hammer, where signals consist of a suc-
cession of single events like the one shown in Fig. 7. For each, the
asperity involved will be the one giving the largest signal (say j); its
amplitude will be accurately estimated by Sj(t)/ajj , while the other
signals (for i /= j) can be overlooked.

The situation is more complex when several impacts happen-
ing on different asperities overlap in time. In section 3.1, we will
argue theoretically and confirm experimentally that the number of
asperities in simultaneous contact with a rigid track is not expected
to exceed three. For the rest of this section, we will thus consider
the unfavourable case of three simultaneous impacts, all with a
force evolution proportional to the same function F0(t). Without
loss of generality, we will assume that those three asperities are
labelled 1 to 3, and that F1(t) = F0(t), F2(t) = ˛F0(t), F3(t) = ˇF0(t),
with 1 >  ̨ > ˇ. Finally assume that all pij are such that

∣∣pji∣∣ ≤ p. In
those conditions, Eq. (3) can be recast into:

S1/a11 = F0(t)
(

1 ± p(  ̨ + ˇ)
)
, (4)

S2/a22 = ˛F0(t)
(

1 ± p(1 + ˇ)/˛
)
, (5)

S3/a33 = ˇF0(t)
(

1 ± p(1 + ˛)/ˇ
)
, (6)

Sj/ajj = ±F0(t)p(1 +  ̨ + ˇ), j > 3. (7)

Those equations indicate a straightforward data analysis when
three simultaneous impacts are suspected. First identify the three
sensor outputs giving the largest impact forces and record the three
corresponding peak values. The largest gives F0, while the ratio of
the other two over F0 give  ̨ and ˇ. With p = 0.1 being a repre-
sentative value for our slider (Fig. S4), Eq. (7) indicates that 0.3F0
is a conservative estimate (p(1 +  ̨ + ˇ) < 0.3) of the experimental
noise. In other words, all peaks larger than this value can be safely
considered to be true impacts and not the results of some cross-
talking between outputs. All peaks below may  be discarded. The
amplitude of the impact force on the successfully localised asper-
ities can thus be conservatively estimated, using Eqs. (4), (5) and
(6), to be F0 ± 20%, ˛F0 ± 20

˛ % and ˇF0 ± 20
ˇ

%, respectively.

3. Experimental results

In order to illustrate the tribological relevance of the instru-

mented slider described and characterised in section 2, we now
slide it on various model topographies. A stainless steel track has
been textured with macroscopic obstacles, grooves and bumps of
sufficient amplitude and lateral size to induce controlled changes

v
a
(
s

7

ig. 9. Picture of the mechanical setup. A textured metallic track is translated hori-
ontally at constant velocity, V, while the slider is held fixed in the laboratory frame
y  a stopper.

n the distribution of spherical asperities in contact during slid-
ng. Fig. 9 shows a picture of the instrumented slider, laid on the
extured track (upside down compared to Fig. 3). The latter is
ttached on a motorised (Kollmorgen, AKM Series servo-motor) lin-
ar translation stage (Misumi LX26). When the track is translated,
he displacement of the slider is prevented by a stopper, fixed in
he laboratory frame, and equipped with a horizontal steel cylinder
1 mm diameter) which comes into contact with the vertical plane
f the lateral arm of the slider’s base which is close to asperity 4 (see
ig. 3). The tangential force exerted by the stopper is measured by

 piezoelectric sensor (Kistler 9217A, with charge amplifier Kistler
015A).

The principle of the experiments is the following. The normal
oad on the interface, approximately P = 2.5 N, is the weight of
he instrumented slider. The textured track is driven horizontally
t a constant velocity, V, in the range [0.5–5] mm/s. Two different
llustration cases will now be analysed: when the slider explores

 nominally flat part of the track (section 3.1) and when one of
he spherical asperities passes above a macroscopic hole (section
.2). All sliding experiments have been performed at room tem-
erature. Note that the contact size on each surface asperity of the
lider is expected to be smaller than 36 �m, as estimated using
ertz’s theory with a conservative value of the normal force of 2.5 N,

adius of curvature R = 0.75 mm,  Young’s modulus E = 210 GPa and
oisson’s ratio v = 0.3 for the asperity. As long as the characteristic
istance between two  neighbouring topographical protuberances
f the track remains larger than those 36 �m, the measured contact
orces can safely be interpreted as that of a single asperity/asperity
ontact. As will be seen, this is the case for all experiments in sec-
ion 3. Also note that inspection of the slider’s surface asperities at
he end of the experiments has not revealed any significant sign
f wear, as expected for the low severity conditions of our slid-

ng experiments (small normal load and relatively small sliding
elocities).

.1. Sliding on a nominally flat surface

Fig. 10 shows a typical recording of the nine piezoelectric sen-
ors during steady sliding over a nominally flat part of the textured
rack, at a velocity V = 0.5 mm/s. Surprisingly, instead of the
xpected constant force signals at different values, the sensors’
utputs all have a vanishing mean value, and reveal a variety
f additional features, at different timescales (different panels of
ig. 10). While the zero mean value originates from the fact that
requencies smaller than about 1 Hz are filtered out by the measure-

ent chain (already described in section 2.3 and further discussed
n section 3.2), the scope of this section is to unravel the tribological
rigin of those additional features.

Over a short time window of 50 ms  (Fig. 10(a)), two main obser-

ations can be made: (i) three sensors (sensors 1, 7 and 9) produce

 signal with a significantly larger amplitude than the other six and
ii) those three signals have a clear periodicity. The first observation
uggests that only three surface asperities are in actual contact with
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g on a nominally flat part of the track at V = 0.5 mm/s, for various time-windows: 50 ms

Fig. 11. Evolution of the various frequencies identified in the force signals, as a
function of sliding velocity. Pink: very low frequencies seen in Fig. 10(c). Red: low
frequencies seen in Fig. 10(b). Circles: fundamental. Squares (+): first (second) har-
monic. The high-frequency band ([150–250] Hz) responsible for the oscillations seen
i
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without yielding an unphysical interpenetration of the two solids.
We  have thus applied the model of section S2 to static topogra-
phies in which the track altitude at the location of asperities 1, 7
Fig. 10. Typical time evolution of the asperity forces recorded during steady slidin
(a,  all asperities), 2.5 s (b, asperity 7) and 45 s (c, asperity 7).

the track during sliding. The fact that not all the slider’s asperities
can touch a rigid plane at the same time is a natural consequence
of having stiff asperities with altitudes distributed around a mean
plane. As can be seen in Table S1, the altitudes of the two  highest
asperities differ by 13 �m.  An estimate of the order of magnitude of
the normal force on the highest asperity necessary to deform it by
such an amount (and thus, assuming that the slider cannot rotate,
to allow both asperities to be in contact simultaneously) can be
obtained using the same Hertz’s theory as in the preamble of sec-
tion 3. We find that such a normal force is about 400 N, i.e., way
larger than the slider’s weight (P = 2.5 N). Thus, in the light normal
load conditions explored here, only three asperities are expected
to touch the track, to satisfy isostatic equilibrium, which explains
our first observation.

In order to predict which are the three asperities in contact
among the nine potential asperities, a simple multi-asperity con-
tact model has been used, fully described in section S2 (in SM). The
model is dynamic, but when constant stimuli are imposed, it pro-
vides results relevant to quasi-static configurations. In particular,
when the model is used with a vanishingly small sliding velocity,
it predicts, based on the experimental in-plane positions and alti-
tudes of all nine spherical asperities (Tab. S1), which are the three
that are in contact with a given track topography, h(x, y). In the
present case in which h can be assumed to be homogeneous, the
model predicts that asperities 1, 7 and 9 are in contact to satisfy iso-
static equilibrium. Those asperities are the same as the ones that
are active in Fig. 10(a). The model in section S2 thus fully explains
both the number and identities of the asperities in contact.

The second observation in Fig. 10(a) is the periodicity of the local
force signals, at a frequency about 200 Hz. Inspection of the PSDs
of all force signals for all sliding velocities revealed a common fre-
quency band [150–250] Hz with a significantly larger amplitude,
responsible for the oscillations in Fig. 10(a). The sliding-velocity-
independence of this high-frequency band (Fig. 11) suggests that
the oscillation is due to eigenmodes of the experimental system.
Since all eigenmodes of the clamped slider were above 1 kHz (sec-
tion 2.4), we presume that the 200 Hz mode is associated with the
vibration of the bundles of cables (see Fig. 9), which is now possible
with the slider freely standing on the track.

Another periodicity can be found in the force signals of the
three contacting asperities, at a larger time scale, as illustrated

in Fig. 10(b). For V = 0.5mm/s, the observed frequency is about
2 Hz. Such a low frequency suggests that the nominally flat track
surface is actually decorated with a periodic topography. This is
indeed confirmed in Fig. 12(a), which shows the topography of a

s

8

n  Fig. 10(a) is shown in blue and delineated with dashed lines. Solid and dotted
ines: linear fits. (For interpretation of the references to color in this figure legend,
he  reader is referred to the web version of this article.).

ortion of the track surface. It is made of characteristic trochoidal
rooves originating from the face milling process used to prepare
he surface. As seen in Fig. 12(b), those grooves have a period of
48 ± 12 �m (as measured from the corresponding peak in the
ourier transform of the profile in Fig. 12(b))2 and typical peak-to-
eak amplitude 8 �m.  Assuming that the profile in Fig. 12(b) would
e a perfect sine wave, the radius of curvature of the bottom parts of
hose grooves would be about 400 �m,  i.e., smaller than that of the
pherical asperities (750 �m).  Thus, the slider’s asperities cannot
xplore the whole topography, but only the crests of the grooves.
ore quantitatively, we calculated that a sphere of radius 750 �m

annot go deeper than 6.5 �m into the above-mentioned sine wave
2 This period is much larger than the 36 �m estimated for the maximum contact
ize of a surface asperity of the slider (see preamble of section 3).



C. Grégoire, B. Laulagnet, J. Perret-Liaudet et al. Sensors and Actuators A 317 (2021) 112478

sured from interferometric profilometry. (b): profile extracted along the segment drawn

Fig. 13. Blue: Force on the nine asperities (asperity label in top left corner of each
panel) when asperity 7 passes over a deep, 6 mm long groove at V = 0.5 mm/s.
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Fig. 12. (a): 2D map  of the topography of the nominally flat sliding surface, as mea
in  the top panel, which is locally orthogonal to the grooves.

and 9 were offset by either 0 or −6.5 �m.  We tested all eight com-
binations of those two offsets at the location of the three asperities,
as estimators of the strongest possible differences with respect to
a perfectly flat track. Only two combinations led to a change in
the predicted asperities in contact: asperity 4 takes over asperity 7
when both asperities 1 and 7 are simultaneously above the deepest
point of a groove. Given the small probability of such a situation, it
is reasonable to consider it as irrelevant in practice. Consequently,
the amplitude of the topography of the milling-induced grooves is
not sufficient to induce detectable modifications of the asperities
in contact with respect to a perfectly smooth track, explaining why
the three asperities in contact (1, 7 and 9) remain the same all along
the sliding experiment on the nominally flat part of the track.

To ascertain the topographical origin of the force oscillations
seen in Fig. 10(b), we now compare the frequency of those oscilla-
tions with that expected from sliding on the grooves. We  performed
sliding experiments at different velocities, V, and for each we cal-
culated the PSD. In the frequency range [1–100] Hz, they all contain
a well-defined main peak (fundamental) and a series of harmon-
ics. The latter are due to the non-harmonic shape of the periodic
pattern. The frequencies of the fundamental and of its two first
harmonics are shown as a function of V in Fig. 11. All three fre-
quencies are found proportional to V, as demonstrated by the slope
1 in the log-log representation of Fig. 11. This shows that the tempo-
ral periodicity actually originates from a spatial periodicity. For the
fundamental, the coefficient of proportionality, which corresponds
to the spatial period, is found to be 249 ± 2 �m.  This value is in good
agreement with the period of the grooves found by profilometry
(248±12 �m).

A third periodicity can be seen in Fig. 10(c), as a very low fre-
quency modulation of the signal’s envelope. As seen in Fig. 11, the
frequency of this modulation is also proportional to the sliding
velocity, thus indicating a topographical origin for it. The cor-
responding wavelength is about 5.0 mm,  a length scale that can
indeed be distinguished as a waviness in the topographical signal
of Fig. 12. Such a waviness is classically attributed to an unde-
sired coaxiality error between the centerlines of the spindle and
the milling tool.
Overall, with the above analyses, we took advantage of unde-
sired residual topographical features on the flat parts of the track
to show the capabilities of our instrumented slider. Not only is
it able to detect those residual, micrometric features at different

o
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9

ed: sketch of the macroscopic topography of the track (starting at 0) seen by each
sperity (For interpretation of the references to color in this figure legend, the reader
s  referred to the web  version of this article.).

ime/length scales, but, as desired, it also quantifies the elicited
orce fluctuations, and indicates which asperities are excited.

.2. Sliding on a macroscopic topographic defect

In section 3.1, we have seen that, when the track is nominally
at, asperities 1, 7 and 9 are in contact at all times. We  will now
onsider a situation in which the asperities in contact must change
uring sliding, because one of those three asperities passes over a
ole deep enough to prevent any possible contact for a certain slid-

ng distance. Such a situation is illustrated in Fig. 13, which shows
he recorded force signals on all nine asperities over a time window
racketing the passage of asperity 7 over a 6 mm long hole.

Before reaching the hole, the situation is the same as in section
.1: asperities 1, 7 and 9 are in contact, as indicated by a significantly

arger signal width than the other six, due to the high frequency

scillations seen in Fig. 10(a). When asperity 7 passes over the hole,

ts force signal fluctuations suddenly die out, indicating that, as
xpected, it has lost contact with the track. Simultaneously, the
orce fluctuations on asperity 4 abruptly increase, showing that
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Fig. 14. Force transients on asperity 7 (a) or 9 (b and c) when it suddenly looses
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(a and b) or gets back into contact (c) with the track for various sliding velocities.
Dashed lines: instantaneous negative (a and b) or positive (c) force drops filtered by
the  second-order high-pass filter of Eq. (8).

asperity 4 is now sliding on the track. Application of the model
of section S2 to the new topography seen by the slider consis-
tently predicts that asperities 1, 4 and 9 is the triplet satisfying the
new isostatic equilibrium, thus explaining the switching of activ-
ity between asperities 7 and 4. When asperity 7 reaches the end of
the hole, the slider and hence all force signals recover their initial
configuration.

We emphasise that, in Fig. 13, the fact that a given asperity is
in contact can only be seen from the amplitude of the force fluctu-
ations discussed in section 3.1. Contact/non-contact states do not
translate into a finite/vanishing average level of the signals, because
of the high-pass filtering effect of the conditioning amplifiers used
on each sensor’s output. Those amplifiers are claimed by the man-
ufacturer to behave like a 1 Hz first order high-pass filter, meaning
that, after about 1 s, any constant force applied on an asperity will
be filtered out from the outputs, yielding force signals centered on
zero. Nevertheless, the force signal on asperity 7 exhibits transients
at the edges of the hole, when asperity 7 gets out of (or back into)
contact with the track, which are signatures of the correspond-
ing impact-like changes in average normal force on the asperity.
Fig. 14(a) overplots the transients associated with the force drop
at the entry of the hole, for all tested sliding velocities. As can
clearly be seen, they all have the same amplitude and shape, with
the same characteristic timescale for the force relaxation. The very
same phenomenology is observed in other experiments in which
other asperities pass over the hole, as illustrated in Fig. 14(b) on the
case of asperity 9.

The time evolution of all signals in Fig. 14(a) and (b) can be nicely
captured as the response of a second-order high-pass filter with the
following transfer function vs. frequency f,

−f 2/f 2

HP(f ) = c

1 + jf/(Qfc) − f 2/f 2
c

, (8)

when applied to a negative step-change (force drop) on the
asperity. Q = 0.656 is the quality factor, fc = 0.74Hz is the cut-
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ff frequency and j is the imaginary unit. This cutoff frequency is
lose to the 1 Hz expected for the filtering effect of the conditioning
mplifiers. The fact that the filter is of second order rather than the
xpected first order is presumably due to a non-negligible effect of
he rest of the measurement chain on the final outputs.

Importantly, the peak in the filtered response is equal to the
mplitude of the force step-change, meaning that the amplitude
f the peak of the transient is actually a measurement of the force
rop undergone by the asperity when it starts passing over the
ole. In panel (a) of Fig. 14, one can thus estimate the force drop on
sperity 7 to be about −0.12 N, while it is about −0.96 N in panel
b) for asperity 9. Those values actually compare very well with
he force drops predicted by the model of section S2: −0.11 N for
sperity 7, and −1.15 N for asperity 9.

Note that transients with the opposite sign are observed in
he force signals when the underlying force step is opposite, for
nstance when asperity 9 suddenly gets back into contact on the
ther side of the hole (Fig. 14(c)). The transients are still well-
aptured by the filter of Eq. (8) (shown only for V = 5 mm/s  on
ig. 14(c)). However, in contrast with when the asperities loose con-
act with the track, when they get back into contact, the amplitude
f the transient exhibit a non-negligible sliding-velocity depen-
ence. It would correspond to a positive force-step of amplitude
.8, 0.9, 1.1 and 1.25 N for V = 0.5, 1, 2 and 5 mm/s, respectively.
uch a velocity dependence is compatible with more violent lat-
ral impacts of asperity 9 with the end corner of the hole as the
liding velocity is larger. This effect is not expected at the entry
f the hole, explaining why the same amplitude was  found for all
liding velocities in Figs. 14(a) and (b).

Overall, the good agreement between the sensors’ outputs and
he filtered expected force jumps indicates that our instrumented
lider can efficiently be used to measure the impact forces on its
sperities. The results of Fig. 14 show that it is the case for abrupt
tep-changes in the force between two constant values. For more
ealistic impacts characterised by a short contact duration, i.e.,
ufficiently shorter than the cutoff timescale of about 1 s, the high-
ass filter will deform only slightly the signals, so that the sensors
utputs are expected to provide, directly, a faithful image of the
orce evolution. To verify this, we applied the filter of Eq. (8) onto
alf-sine model impacts with different durations between 10 s and
.1 ms.  We  found that the alteration of the force evolution is negligi-
le (less than 2% in amplitude) for impacts shorter than about 0.01 s.
his result strongly suggests that, during sliding of two randomly
ough metallic surfaces, for which the typical impact duration is of
he order or less than the millisecond [6], our slider will provide
ccurate measurements of the individual impact forces.

. Conclusion

We  have introduced a 6 cm-sized instrumented slider based on
n array of nine piezoelectric sensors, each monitoring a single
pherical surface asperity with a well-known radius (0.75 mm)  and
ltitude (72 �m standard deviation among the nine asperities). The
lider is able to measure the normal components of the individ-
al contact forces on all surface asperities, enabling both spatial

ocalisation and quantification of the amplitude of the impacts
n the slider’s surface. The slider behaves statically below about
.5 kHz, and rejects less than 5% of the force on a given asperity
nto the other sensors. To demonstrate the capabilities of the slider,
e performed a series of sliding experiments under the slider’s

wn  weight (2.5 N), at constant velocity in the range [0.5–5] mm/s,

gainst a model rough track. We  first showed how the slider can
uccessfully be used to identify the periodic force variations on each
ndividual surface asperity elicited by regularly spaced, micromet-
ic grooves left on a nominally flat part of the track’s surface by the
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milling process used to prepare it. We  then showed how the slider
can quantitatively measure the impact-like forces induced by large
topographical defects such that an asperity suddenly loses (or gets
back into) contact with the track.

Our instrumented slider thus appears as a promising tool for a
variety of future tribological studies involving realistic randomly
rough surfaces. In particular, it should be useful to better charac-
terise the impacts at the origin of the roughness noise, the source of
friction-induced vibrations, or the space-time patterns of the real
contact fluctuations during sliding.
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