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The mechanics and friction of contact interfaces involving soft materials like gel, rubber or human skin, is
of both fundamental and applied interest. Recent insights have been made into this field thanks to in situ
observations of the contact interface. However, current soft-material–oriented tribometers enable only few
degrees of freedom for the actuation of the contact, far from covering the richness of the loading conditions
applied to real contacts. Here, we introduce an instrument dedicated to the study of the contact mechanics and
friction of soft materials which, in addition to in situ optical monitoring of the interface, enables simultaneous
actuation along five degrees of freedom: three translations and two rotations. All three translations can
combine large velocity/large stroke motion and high frequency/small amplitude vibrations. The contact’s
dynamical response is monitored using both a 6-axes force/torque sensor and a 6-axes displacement/rotation
sensor. We successively describe the structure of the instrument, its implementation and alignment, its
calibration and resolutions. The capabilities of the instrument are illustrated through two types of experiments
on elastomer contacts. Our instrument will be useful to investigate the mechanics of a wide range of interfaces
submitted to rich kinematic or dynamic stimuli.

I. INTRODUCTION

Contact interfaces involving soft materials are ubiqui-
tous. For instance, the elastomers of shoe soles1, tires2,
artificial fingers3 or robotic grasping tools4 are used ev-
eryday for their high friction-stress against a variety of
counter-surfaces. Also, contact with our tongue and skin
is central to the tactile perception of food inside the
mouth5 and of surface roughness6, respectively. Yet, the
mechanical and frictional properties of such contacts are
complex and remain insufficiently understood (see Ref. 7
and 8 for recent reviews). The scientific challenges stem
from an intricate combination of various distinctive be-
haviours of both the bulk and the interface of soft mate-
rials.

First, due to their large compliance and strong adhe-
sion, soft materials usually form relatively large contact
areas9. Those large areas are not only responsible for the
large related friction forces10, but they are also relatively
easy to observe. And indeed, many advances in the field
have been made thanks to in situ imaging of the contact
interface (see e.g. Refs. 10–18).

Second, soft materials are often viscoelastic, which is
responsible for, among others, velocity-dependent fric-
tion19,20 and aging21. To better understand the role of
viscosity on a soft contact, it is thus desirable to vi-
brate it with controlled frequencies, amplitudes, wave-
forms and/or directions (compression and/or shear). Ex-
periments where soft contacts are vibrated have investi-
gated either the viscoelastic moduli of the contacting ma-
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terials22–24, or the effects of viscoelasticity on the contact
properties, e.g. its stiffness25 or its adhesion energy26.
In the above mentioned literature works, vibrations were
applied along a single direction, normal to the contact,
while vibrations along the tangential directions would
likely provide important information about the frictional
properties of the contact interface27.

Third, the current state of a soft contact is strongly
loading-path–dependent, due to high adhesion28 and/or
friction29. To investigate such memory effects, it is thus
desirable to be able to apply complex, multi-axes stimuli
to the contact. Such capability would for instance en-
able experimental tests of theoretical predictions29,30 or
reproduction of loading histories relevant to various ap-
plications, including tire wear31 and gecko locomotion32.
The available loading histories should enable significant
negative normal loads, which can occur due to the com-
bination of a large adhesion and a small elastic modulus,
and under which friction forces continue to be active33.

In this context, the scope of this article is to intro-
duce and qualify a new contact-mechanics–oriented in-
strument capable of addressing a wider range of the above
soft-contact–related scientific challenges than any single
instrument of the current literature. As we will see, our
(remotely operable and programmable) instrument fea-
tures (i) dynamic actuation of a soft contact along five
independent degrees of freedom simultaneously, (ii) mon-
itoring of the six components of the forces/torques ap-
plied on the contact, (iii) monitoring of the six displace-
ments/rotations of one of the two solids in contact and
(iv) in situ imaging of the contact interface.

We will describe the design and technical choices used
to build the instrument (section II), its alignment and
calibration (section III), before illustrating its capabil-
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ities through a series of experiments involving various
elastomer-based contacts (section IV).

II. DESCRIPTION OF THE INSTRUMENT

A. Structure

Figure 1 shows the structure of the instrument. It is
built around a couple of sample holders (labels 5 and 6 in
Fig. 1) in which the two surfaces of tribological interest
can be fixed.

The lower sample holder (label 6) is placed on top of a
stack of motorized actuators, so that those massive and
opaque parts are as close as possible to the table (1)
and do not impede observation of the contact interface
from the top. A high precision XY servomotor transla-
tion stage (label 9 ; Allio AI-LM-10000-XY) is directly
fixed on the table (1), and enables translations in the
range ±50 mm with an accuracy ±3 µm and a repetabil-
ity of ±30 nm, and with speed ranging from 1 µm/s up
to 0.8 m/s. On top of this stage is placed a high load
capacity XYZ piezoelectric translation stage (8 ; Jena,
Tritor 320) enabling high precision motions (repetabil-
ity better than 1 nm) of amplitude 50, 50 and 400 µm
along the X, Y and Z axes, respectively. The interest of
having this second stage enabling motion along X and Y
(in addition to stage 9) is the possibility, offered by the
piezoelectric technology, to generate vibration with small
amplitude but high frequency (up to about 150, 150 and
8 Hz along X, Y and Z, respectively, accounting for the
additional weight of about 6 kg placed on it. Between
this piezoelectric table (8) and the lower sample holder
(6) is placed a couple of stepper-motorized goniometers
(7 ; OWIS, TPM 150-20-20-243) sharing the same center
of rotation and enabling rotations of the sample around
the axes X and Y in the range ±10◦, with a repetabil-
ity better than 0.01◦ per axis. These two rotations are
in particular useful for alignment of the two samples, as
seen in section III B.

The upper sample holder (5) is fixed on the lower end
of a home-made 6-axis force/torque sensor (4) fully de-
scribed in34. It enables measurement of the three forces
along and of the three torques around the axes X, Y and
Z, with resolutions 0.3, 0.4 and 0.1 mN for the respective
forces and 1.0, 1.2 and 1.1µNm for the respective torques.
The upper end of the force/torque sensor is fixed on a top
plate (3) connected to the base plate (1) through preci-
sion guiding rods and bushings (2 ; Fibro GmbH). The
top plate can be vertically moved to adjust the coarse
position between samples using a precision drive (koll-
morgen AKM31, not represented in Fig. 1). One distinc-
tive feature of our force/torque sensor is that it is hollow
so that, combined with a hollow upper sample holder
(5), the contact interface can be observed from the top.
The top plate (3) is thus equipped with a high resolution
camera (12 ; Teledyne DALSA Genie Nano-GigE) and its
objective (Qioptics optem fusion, with motorized zoom).

FIG. 1. Top (bottom): Sketch (photograph) of the instru-
ment. (1) supporting table, (2) guiding rods, (3) top plate, (4)
6-axis force/torque sensor, (5) upper sample holder, (6) lower
sample holder, (7)θXθY goniometers, (8) XYZ piezoelectric
translation stage, (9) XY linear brushless servomotor trans-
lation stage, (10) 6-axis interferometer-based position sensor
and (11) XY DC servomotor translation stage for the camera
(12).

This large working distance optical system is placed on
a XY motorized table (11 ; Newport) to center the im-
age on the region of interest. The optical set up offers
4112×3008 pixels images of the contact interface with a
pixel size down to 1 µm/pixel, and a field of view ranging
from 3×4 to 9×12 mm2.

The six-axes relative motion between the upper sample
holder and the top plane of the piezoelectric table (three
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translations along and three rotations around the X, Y
and Z axes) is measured using six interferometers (10 ;
Attocube IDS-3010) disposed in a stewart-platform-like
fashion. The six interferometers are fixed on the plane
connecting the piezoelectric stage (8) and the goniome-
ters (7). The beam of each interferometer points on a
precision flat mirror with planeity better than λ/20, fixed
on the upper sample holder (5). This sensor enables mea-
surements of translation amplitudes in the range ±10 mm
with a resolution better than 1 nm. Note that the mea-
sured motion does not include the rotations imposed by
the goniometers, a choice related to the fact that, once
the samples are aligned, these rotations are meant to re-
main constant during the subsequent contact mechanics
experiments.

B. Real time control design and measurements

All measurements and control are performed through
a control PC connected to a real time controller and a
FPGA target (Field Programable Gate Array, NI-CRIO
9037 FPGA). This architecture allows us to have real
time behavior for closed loop control, low pass filtering
and lock-in functionality at a reasonable cost and with
real time behavior. It also allows easily different con-
trol mode with no hardware change. This architecture is
described in the fig 2.

The position information from the force sensor (Ca-
pacitive displacement sensor MCC10 and conditionning
with Fogale MC900) is acquired through six 24-bits delta
sigma analog to digital converters (NI 9239). The 1 x 6
vector signal is then multiplied by the 6 x 6 force ma-
trix Kf obtained during force calibration to give the 1
x 6 Force vector (3 forces and 3 moments). The 6 signal
received from the interferometers measurements are in
the Aquad B form and are acquired through two NI9401
acquisition counters. This 1 x 6 vector is multiplied by
the 6 x 6 displacement matrix Kd directly obtained with
an inverse kinematic transformation from the known po-
sition of the interferometers. These calibrations matrix
are given to the FPGA board after their rotations cor-
rections when the program launch.

These signals are then low pass filtered at a frequency
of 80Hz before being transmitted to the closed loop func-
tion. This function outputs the signal that drives the
piezo vertical position, using a NI-9260 digital to analog
converter. This function can act in 3 different manners :
as an open loop, the output signal being received by the
RT controler, as a Force closed loop (the output aiming
to control the actual normal load to a setpoint received
from the RT target), or as a displacement closed loop con-
trol (the output aiming to set the vertical displacement
to a set point received from the RT controller). Each
mode uses a defined set of parameters for the PID loop.
This working mode of the PID loop, as the parameters
driving the behavior of the loop can be changed in live
during tests.

Before reaching the digital to analog converter that
feed the input of the piezo amplifier, a sinusoidal numer-
ical signal can be added to the output of the PID loop.
This function is both controlled in frequency and ampli-
tude, and allows the contact interface to receive a known
dynamic excitation. The measured force and displace-
ment raw signals, as the numerical sinusoidal function
are fed into a multi channel Lock-in function. This func-
tion outputs the amplitude and phase of the force and
displacement signals in relation with the input sinusoidal
function. It is therefore possible to calculate the ratio
between force and displacement, both in gain and phase
at a controlled frequency, allowing the user to have a dy-
namic characterisation of the interface, in relation with
the stiffness and viscosity of the interface.

All constant parameters are stored in a file and trans-
mitted to the FPGA program at it starts. These include
the values of the different frequencies used by the low
pass filters, the values of the different PID parameters
used during the different modes of the closed loop con-
trol, etc... During a tests, values are transferred from the
FPGA to PC (the RT controller managing the formating
of these values). These values include : raw signal from
force and displacement sensor, filtered signal from force
and displacement sensors, gains and phases output from
lock in functions, PID output values.

III. CALIBRATION AND ALIGNMENT

A. Calibration of the displacement and force sensors

The 6×6 matrix Kd, that converts the six outputs
distances of the six interferometers into the three dis-
placements and three rotation angles of the upper sample
holder with respect to the piezoelectric table, is obtained
from a geometric transformation based on the known po-
sitions and orientations of the interferometers. No change
of units is involved because the interferometers outputs
are absolute distances to their mirrors. The displace-
ments and angles are expressed in an arbitrary orthonor-
mal frame, (xd,yd, zd).

The 6×6 matrix Kf , that converts the six output volt-
ages of the six capacitive sensors into the three forces
and three torques applied to the upper sample holder,
is obtained through a calibration procedure described
in34 (Kf of the present sensor is provided in appendix
therein). The calibration involves application of known
forces (using dead weights and pulleys when necessary) in
many different directions. The matrix Kf is the matrix
that best captures, in the least square sense, the observed
relationship between all couples of input and output vec-
tors. It is expressed in an arbitrary orthonormal frame,
(xf ,yf , zf ).
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FIG. 2. Schematic view of the FPGA, real time and PC loops of the control of the bench. All acquired signals , as images
acquired through the camera are displayed on screen during the test and can be recorded on a file for post processing. The
user can choose to apply parameters to the experiment in ”live mode”, or use a sequence player to allow automated tests.

B. Alignment between sensors and actuators

To facilitate the interpretation of contact mechanics
experiments, it is desirable to express the force and dis-
placement measurements within the same frame as the
actuation. To do this, we first define a reference frame,
(x,y, z) as follows. x and y correspond to the two axes
of the motorized XY translation stage (label 9 in Fig. 1),
while z is the axis that makes (x,y, z) orthonormal. By
construction of the instrument, the three axes of the XYZ
piezoelectric stage (label 8), as well as the two rotation
axes X and Y of the goniometers, are aligned with the
axes of the frame (x,y, z). Determination of the rotations
that exist between (xd,yd, zd), (xf ,yf , zf ) and (x,y, z)
is made through the following three steps.

The first step is to determine the rotation angles be-
tween the actuation frame (x,y, z) and the displacement
sensor’s frame (xd,yd, zd). To do so, we first perform four
linear motions of amplitude 1 mm with the motorised XY
table, along the four directions x, −x, y and −y, in the
absence of any contact between the two sample holders.
If the actuation and displacement frames were perfectly
aligned, the measured displacements would have vanish-
ing components along yd and zd (resp. xd and zd) when
moving along x or −x (resp. y or −y). Instead, all these
components (xd, yd and zd) are found to vary linearly
with, e.g., typical amplitudes 3 µm for zd over 1 mm mo-
tion along x. To eliminate such variations, we succes-
sively multiply the conversion matrix, Kd, by three rota-
tion matrices: one with axis zd and angle ψd calculated
from the slope ∂xd

∂yd
; one with axis xd and angle θd cal-

culated from the slope ∂zd
∂yd

; one with axis yd and angle

φd calculated from the slope ∂zd
∂xd

. After those multipli-
cations, the displacement components vary by less than
0.05 µm over displacements of 1 mm, indicating that the
actuation and displacement frames are now aligned to
better than 0.003◦.

The second step consists in aligning the lower sam-
ple holder in a plane parallel to the plane (x,y). A steel
sphere is placed in the upper sample holder, while a glass
plate is place in the lower sample holder. A contact is
then formed between the sphere and the plate, under
a constant force along the axis zf , Fzf =0.1 N, enforced
through a feedback loop. Then, four linear motions of
amplitude 1 mm are imposed to the lower sample holder
with the motorised XY table, along the four directions
x, −x, y and −y. Because the lower sample holder is
not parallel to (x,y), the vertical motion (along z) is
not constant, but varies linearly during the motions to
keep Fzf constant. To eliminate such an unwanted mo-
tion, we rotate both goniometers by angles calculated
from ∂z

∂y around x and from ∂z
∂x around y. Repeating the

four motions in this rotated configuration yielded dis-
placements along z smaller than 0.1 µm over horizontal
displacements of 1 mm, showing that the lower sample
holder is aligned with the displacement frame to better
than 0.006◦.

The third step is to determine the rotation angles be-
tween the actuation frame, (x,y, z), and the frame of
the force sensor, (xf ,yf , zf ). To do so, we first in-
sert a reference single-axis force sensor between the up-
per plane of the goniometers (label 7 in Fig.1) and the
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lower sample holder (6). The sensor is attached on both
ends using dedicated supports ensuring orthogonality of
its measurement axis with the actuation plane (x,y).
We then place an elastomer sphere (radius of curvature
9.42 mm, polydimethylsiloxane Sylgard 184, prepared as
prescribed in35) in the upper sample holder and a glass
plate in the lower sample holder.

The contact is generated at constant deformation by
fixing the z position of the piezoelectric table resulting
in a normal force of the order of 0.5 N. The sample is
sheared along x, −x, y and −y directions a distance of
1 mm at 0.1 mm/s keeping z constant. We defined the
adimensional parameter δ as the difference between the
force measured by each sensor normalized by the force
measured by the calibration sensor. This is

δ =
Fc − Fz

Fc
(1)

where Fc and Fz are the forces measured by the cali-
bration sensor and the 6-axis force sensor respectively.
Figure 3(a) and (b) shows the difference in the measure
between both sensors as a function of the tangential force
along X and Y respectively. In both cases the black curve
shows the results of the experiments before the align-
ment, exhibiting a linear dependence with the tangential
force in the respective shear direction. The correction is
performed by rotating the transformation matrix of the
6-axis force sensor. The rotation angles are calculated so
as to minimize δ. At the end of this procedure the cal-
ibration force sensor and the support are removed from
the setup.

IV. ILLUSTRATION EXPERIMENTS

A. Vibration-based detection of first contact

Detecting the very first contact between two approach-
ing surfaces is a technological challenge, both for natural
contacts and mechanical testing like nano-indentation or
atomic force microscopy. Except for specifically-prepared
ideally sharp indentors (eg Vickers), first contact can be
modelled as the contact between a sphere and a plane. In
such a case, the contact stiffness vanishes at small inden-
tations, so that the normal force increases sub-linearly
with indentation. First contact can be detected only
when the normal force is larger than the noise of the
force measurement, causing a significant uncertainty on
first contact detection. To circumvent this difficulty, vi-
brating the contact during indentation is sometimes used
to enhance first contact detection.

Our instrument is particularly suitable to implement
such vibration-aided first contact detection, because (i)
the XYZ piezoelectric table enables application of vibra-
tions up to several tens of Hz and (ii) the lockin function
embedded into the FPGA enables detection of minute
oscillations in the outputs of the force or displacement

FIG. 3. Force sensor alignment. Evolution of δ as a function
of the tangential forces, Fx (panel a) and Fy (panel b). Black
lines are before step three of the alignment procedure, while
colored curves are after alignment, where δ is as small as 0.5%.

sensors in noisy environments. In this context, we per-
formed two indentation experiments between a PDMS
sphere of curvature radius 500 µm (similar to those used
in36) and fixed in the lower sample holder, and a glass
plate, fixed in the upper sample holder. The first in-
dentation experiment was performed as in37, through a
step-like motion with an average velocity of 0.028 µm/s.
At each indentation step, a picture of the interface is
taken, from which the contact area can be measured, as
in. The second indentation experiment is performed in
the same way, but an additional vibration of frequency
10 Hz and amplitude 0.9 µm is applied along the normal
of the contact.

The contact area extracted from the images serves as
the objective quantity to decide whether a contact exists
between the two surfaces. This area is plotted in black
in Fig. 4 (for both experiments), as a function of the
imposed vertical displacement of the sphere, z. The al-
most perfect overlapping of the contact area evolution in
both experiments demonstrates that vibration does not
induce any noticeable modification of the mechanics of
the contact. Note that the point where the contact area
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FIG. 4. Evolutions of the normal force (green curve, purple
axis), contact area (black) and output of the lockin (red) as
a function of the normal displacement, during progressive in-
dentation of a PDMS sphere of radius 500 µmµm against a
glass plate. Two experiments were performed, with or with-
out an additional vibration (10 Hz, 0.9 µm) along the vertical
axis. Normal force: without vibration. Lockin output: with
vibration. Contact area: the two almost identical lines are
with and without vibration.

becomes finite (the first contact that is looked for) has
been used to define the origin of the horizontal axis.

The green curve in Fig. 4 shows the evolution of the
normal force as z increases, in the un-vibrated indenta-
tion experiment. When the contact is not formed yet
(z <0), the normal force is constant around 0, decorated
by a measurement noise of typical amplitude ±1 mN.
Thus, any true contact force smaller than about 1 mN
cannot be distinguished from the noise, so that first con-
tact cannot be detected. Such detection becomes pos-
sible only when the curves emerges from the noise, i.e.,
for z &10 µm. As can be seen from Fig. 4, such detec-
tion occurs only when the contact area is already about
0.05 mm2.

Let us now consider, as the red curve in Fig. 4, the
output of the lockin modulus for the vibrated indenta-
tion. Note that the output is given in arbitrary units,
because it depends on the unit of the sine signal used in
the lockin multiplication step. The lockin output has a
similar behaviour as the normal force. It is a noisy con-
stant about 0±0.5×10−10 in the absence of contact, and
then an increasing function of z when the contact grows.
Figure 4 shows that the lockin output emerges from the
noise for z &0.5 µm, i.e. only one step after contact de-
tection from the images, and in any case much earlier
than based on the normal force.

These results demonstrate that minute vibration of the
contact, coupled with a lockin-based monitoring of the
force component at the vibration frequency, is an effi-
cient way of detecting the slightest contact between two
solids. The sensitivity of such detection is comparable to

that of contact imaging, but can potentially be accessed
at a much faster rate than that of image analysis-based
contact identification.

B. Alignment and imaging of contact between nominally
flat surfaces

For sphere-plane contacts, the alignment procedure de-
scribed in section III B is fully sufficient. In contrast, ad-
ditional steps are required when dealing with two nom-
inally flat surfaces, in order to create spatially homoge-
neous contacts. Indeed, (i) the upper sample holder is not
perfectly parallel to the lower sample holder, and (ii) the
flat sample may not have a perfectly constant thickness.
To create homogeneous contacts, one needs to adjust, for
each sample, the angles of the goniometers.

Figure 5 illustrates the impact of such an alignment
on the example of a glass plate in the upper sample
holder and a flat but rough PDMS block in the lower
sample holder. The roughness takes the form of an array
of spherical caps with all the same radius of curvature
(500 µm), but with different height distributions (Dirac
or exponential distributions in Figure 5). These surfaces
are able to form, once in contact with a glass plate, so-
called metainterfaces, the tribological behaviour of which
can be finely tuned (see ref36).

FIG. 5. Two typical examples of metainterfaces, based on
model rough PDMS surfaces, after suitable alignment with a
glass plate. Left: array of spherical caps with all the same
height (Dirac distribution of heighs). Right: similar array
but with exponential distribution of heights. In both panels,
the dark regions are where intimate contact occurs between
the PDMS and glass, and the interdistance between micro-
contacts is 1.5 mm.

Other examples of contact images obtained using the
present instrument can be found in Refs34,36,37.

V. CONCLUSIONS

We developed a new tribometer specially build for the
study of soft contacts. This instrument enables complex
kinematics, involving displacement along 5 axis (3 trans-
lation and 2 rotations), with controlled velocities and
accelerations. The mechanical response of the interface
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can be monitored with a fine resolution, using a 6-axes
force/torque sensor and a 6-axes displacement/rotation
sensor. On top of that, a real time in-situ observation of
the interface is possible through the use of a dedicated
camera.

By combining such a complex kinematic and the wide
range of accessible measurements, the developed tri-
bometer enables after calibration and alignment of the
force and displacement sensors to investigate a large
panel of soft contact submitted to very diverse mechani-
cal solicitations.

In particular, this device could be used for:

• detect very finely the apparition of contact between
two solid, by taking advantage of the real time ac-
tuation/monitoring of the forces (see section IV A).

• studying the mechanical behaviour of plane on
plane rough contacts by combining the 6-axes
force/torque measurements and the rotation of one
of the surface (see section IV B and Ref36)

• observing the interplay between adhesion and fric-
tion on the tribological response of a soft inter-
face submitted to a complex kinematic, by com-
bining the 3 translation actuators and the 6-axes
force/torque measurements.

• exploring the adhesion instabilities of a sphere-
plane contact, using the various feedback-loop dy-
namic controls over the actuators

These are only a few examples of what could be explored
using this very versatile instrument.
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