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Abstract. We report on an experimental study of heterogeneous slip instabilities generated during stick-
slip motions at a contact interface between a smooth rubber substrate and a patterned glass lens. Using a
sol-gel process, the glass lens is patterned with a lattice of parallel ridges (wave length, 1.6 µm, amplitude
0.35µm). Friction experiments using this patterned surface result in the systematic occurrence of stick-slip
motions over three orders of magnitude in the imposed driving velocity while stable friction is achieved
with a smooth surface. Using a contact imaging method, real-time displacement fields are measured at
the surface of the rubber substrate. Stick-slip motions are found to involve the localized propagation of
transverse interface shear cracks whose velocity is observed to be remarkably independent on the driving
velocity.

PACS. 46.50+d Tribology and Mechanical contacts – 62.20 Qp Friction, Tribology and Hardness

1 Introduction

Stick-slip oscillations are observed in many natural and
man-made mechanical systems such as brakes [1], granu-
lar materials under shear [2,3] or the bowing of a violin
string [4], to cite a few example. From a macroscopic point
of view, these processes are often described by considering
that frictional instabilities involve the more or less peri-
odic jump from a purely elastic state without any slip
to a homogeneous sliding state. Within the framework of
Amonton-Coulomb’s law, static and dynamic coefficient
of friction concepts are often ascribed to these processes.
Many theoretical works have been devoted to stick-slip
motions, including the seminal ’rate and state’ model pro-
posed by Rice and Ruina [5,6] which can satisfactorily re-
produce the different regimes of frictional sliding and the
bifurcations between them. One of the inherent limita-
tion of such descriptions is that they usually consider the
sliding motions between perfectly rigid bodies. As a conse-
quence, any spatial inhomogeneity in the frictional process
at the contact interface is discarded. However, many theo-
retical works have postulated [7–10] that the nucleation of
frictional sliding between deformable bodies does not nec-
essarily occurs homogeneously. Then, sliding is assumed
to occur as a result of rapid fracture-like modes at the
contact interface.
Although scarce, experimental evidence of such crack-like
processes emerged from recent studies using the resources
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of real time contact imaging. In a series of works using ex-
tended contact interfaces between rough PMMA blocks,
Rubinstein and co-corkers [11–14] have especially observed
that upon the application of shear the onset of sliding
motions is preceded by a discrete sequence of crack-like
precursors which are initiated at shear levels that are well
below the threshold for static friction. In these studies, the
location and the velocity of the crack fronts were deter-
mined from the associated redistribution of contact points
within the multi-contact interface. Few cases of similar in-
homogeneous mode of sliding have been reported in labo-
ratory experiments on soft systems such as polyurethane
over Araldite [15] and gelatin gels over glass [16]. In a
detailed study with a gelatin block sliding over a glass
substrate, Ronsin and co-workers [17–19] have observed
that the nucleation of frictional sliding under constant
stress loading involves the stationary propagation of lo-
calized sliding zones denoted to as ”self-healing pulses”
which are nucleated either at the edges of the contact or
inside it. Noticeably, these pulses are different from the
extensively studied Schallamach waves instabilities [20]
in the sense that they do not involve any detectable de-
tachment of the contacting surfaces. Thus, they involve
a complex and poorly understood interplay between the
local friction law and the fracture mechanics of the pulse.
More generally, the experimental determination of the rel-
evant system properties (contact geometry, loading condi-
tions, material and surface properties) for the occurrence
of crack-like instabilities at frictional interfaces remains
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an open issue
In this study, we report on new observations of crack-
like processes at a frictional interface between a rubber
substrate and a glass lens patterned with sub-micrometer
ridges. Under displacement driven conditions, patterning
the glass surface results in the systematic occurrence of
stick-slip processes over three order of magnitude in the
imposed velocity. The dynamics of the associated slip pro-
cesses is further investigated using a previously developed
contact imaging method which allows to measure spatially
resolved sliding velocity fields [21–23] within the contact
interface.

2 Experimental details

Frictional experiments are carried out within a contact be-
tween a smooth silicone rubber substrate and a glass lens
patterned with micrometer sized ridges. A commercially
available transparent Poly(DiMethylSiloxane) (PDMS) sil-
icone (Sylgard 184, Dow Corning, Midland, MI) is used
as an elastomer substrate. In order to monitor contact
induced surface displacements, a square network of small
cylindrical holes (diameter 8 µm, depth 11 µm and center-
to-center spacing 100 µm) is produced on the PDMS sur-
face by means of conventional micro-lithography techniques.
Under transmitted light observation conditions, this pat-
tern appears as a network of dark spots which are easily
detected using image processing. Full details regarding the
elaboration of PDMS substrate are given in [22,23]. The
Young’s modulus of the PDMS substrate is 3.15 MPa.
Specimen size (15 × 60 × 60mm3) ensures that semi infi-
nite contact conditions are achieved during friction exper-
iments (i.e. the ratio of the substrate thickness to the con-
tact radius (a = 2.5 mm) is greater than ten [24]). Before
use, PDMS specimens are thoroughly washed with iso-
propanol and subsequently dried under vacuum. Contacts
are achieved between the PDMS substrate and a patterned
plano-convex glass lens (Melles Griott, France) with a ra-
dius of curvature of 25 mm. A ridge pattern is realized
at the surface of the glass lens using previously developed
embossing techniques [25]. A reactive sol-gel solution is
spin coated onto the glass lens and subsequently squeezed
by a PDMS template with a negative imprint of the de-
sired morphology on its surface. After curing 2 hours at
90◦C and demolding, a regular ridge pattern is obtained as
shown in Figure 1. Atomic Force Microscopy (AFM) mea-
surements indicates that the height of the ridge is 350 nm
and that the wave length is 1.6 µm.
Friction experiments are performed under imposed nor-
mal load (1.45 N) and velocity (from 5 µm s−1 to 2 mm s−1)
using a home made device already used in former stud-
ies [21,23]. The apparatus is based on a combination of
leaf springs loaded in tensile mode along the vertical and
lateral directions in order to ensure a high stiffness (>
5 105 N m−1) along these two directions while preserv-
ing a good sensitivity in the friction force measurement.
The PDMS substrate is displaced with respect to the fixed
glass lens by means of a linear translation stage. In all the
experiments to be reported, the ridges of the patterned
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Fig. 1. Topography of the ridge pattern on the glass lens.
Right: optical microscope picture; left: AFM trace taken per-
pendicular to ridge orientation.

glass lens are oriented perpendicularly to the sliding di-
rection. Lateral load and displacement are continuously
recorded by means of a piezzoelectric load cell (Kistler,
Germany) and a laser transducer (Philtec, USA), respec-
tively. It is worth noting that the lateral stiffness of the
device is about 50 times higher than the lateral contact
stiffness. As a consequence, the observed stick-slip mo-
tions do not incorporate any significant inertia coupling
with the friction device, as it is often the case with con-
ventional friction set-ups based on compliant leaf springs
arrangements. During sliding, images of the deformed con-
tact zone are continuously recorded through the transpar-
ent PDMS substrate up to a rate of 130 frames per second
using a zoom lens and a CMOS camera. The integration
time of the CMOS sensor is set to 0.5 ms. The system is
configured to a frame size of (1024 x 1024) pixels with 8
bits resolution. It should be mentioned that the stick-slip
processes to be reported are not associated with any ev-
idence of localized detachment waves such as Shallamach
waves [20]. Within the limits of the optical resolution of
the optical device (a few µm), it was indeed not possible to
detect any detachment of the contacting surfaces during
slipping phases.

3 Results

Figure 2 shows the friction traces obtained when the im-
posed velocity is increased by about three decades, from
5 µm s−1 to 2 mm s−1. Stick-slip events are evidenced
within the whole investigated velocity range although the
amplitude of the force fluctuations is vanishing in the
mm s−1 range. On the other hand, stable sliding is achieved
at all velocities if a glass lens with a smooth sol-gel coat-
ing is used instead of the patterned one. Stick-slip motions
are thus induced by the presence of the ridge pattern. A
potential explanation for this phenomenon could be that
the contact interface is weakened by localized stress fluc-
tuations induced at the surface of the PDMS substrate by
the micrometer sized ridges. As shown in Figure 2, the
shape of the friction traces is evolving as a function of
the driving velocity. At low velocity (5 µm s−1, figure 2a),
a very regular saw tooth signal is obtained where nearly
linear rises in the lateral force alternate with sudden load
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Fig. 2. Friction force traces as a function of the sliding velocity.
(a) 5 µm s−1, (b) 1 mm s−1, (c) 2 mm s−1.

drops. Such a response is reminiscent of the usual descrip-
tion of stick-slip motions as the sharp transition from an
elastic ’stick’ state to a frictional ’slip’ state when the so-
called static friction threshold is exceeded. On the other
hand, a load response intermediate between linear and si-
nusoidal is observed at higher velocity (1 mm s−1, figure
2b) with no clear evidence of a stick phase. As compared to
low velocity, the amplitude of the load fluctuations is also
strongly reduced (figure 3). At 2 mm s−1, low amplitude
but distinguishable load fluctuations are still evidenced
in the friction trace (figure 2c). Over the whole investi-
gated velocity range, the average stick-slip frequency, F ,
is nearly linearly related to the driving velocity, v, (fig-
ure 4) independently of the details of the friction trace. A
characteristic length of the order of 70 µm is obtained from
the ratio v/F . Incidentally, this length is very close to the
spacing (100 µm) between markers at the surface of the
PDMS substrate. However, it can be seen from the data
reported in figure 2 that identical stick-slip frequencies are
obtained with an unmarked PDMS surface. The charac-
teristic length extracted from the frequency-velocity rela-
tionship is thus not correlated with the presence of the
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Fig. 3. Histograms giving the distribution of the load drops
associated with stick-slip events. (a) 1 mm s−1, (b) 5 µm s−1.
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Fig. 4. Stick-slip frequency as a function of the imposed slid-
ing velocity.(•) marked PDMS substrate; (◦) unmarked PDMS
substrate

holes lattice at the surface of the PDMS.
Figure 5 details the friction force trace during a stick
phase at 5 µm s−1. Immediately after the occurrence of a
load drop event, a sharp negative peak is observed with a
characteristic time of the order of one second. This phe-
nomena is probably related to a viscoelastic load retar-
dation effect associated with the rapid displacement of
the PDMS surface during the slip event. After the occur-
rence of this peak, a nearly linear load response is ob-
served with a slope close to that corresponding to the
lateral contact stiffness (as indicated by the dotted line
in the figure). Here, the lateral contact stiffness, K =
dFt/dδ = 1.4 104 N m−1, (where Ft is the lateral force
and δ the imposed displacement) is measured indepen-
dently during the incipient stages of the stiction process,
i.e. when the contact is sheared without any detectable
slip at the interface. As expected, this experimental value
of the lateral stiffness is very close to the theoretical pre-
diction corresponding to the drag of a rigid disk at the
surface of an incompressible semi-infinite elastic media
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Fig. 5. Surface displacement field during the stick phase at
5 µm s−1. Top: friction trace. The dotted line corresponds to
the contact stiffness as it is measured independently during in-
cipient sliding (see text for details). Bottom: surface displace-
ment fields recorded at increasing times (from left to right)
during the stick phase. The corresponding loads and displace-
ments are indicated by filled circles on the friction trace. The
image just following the slip event marked by an asterix was
taken as a reference for the measurement of surface displace-
ments. As indicated by the vertical arrow, the PDMS substrate
is moved from bottom to top with respect to the contact area
which is delimited by a blue circle. Some slip is seen to occur
at the periphery of the contact when the load is increased. The
contact radius is 2.5 mm.

(i.e. K = 16/3Ga, where G is the shear modulus and
a is the contact radius) [26]. When the lateral load is fur-
ther increased up to the threshold corresponding to the
occurrence of a slip event, some negative deviation from
this purely elastic contact response is observed. As shown
by the surface displacement fields in the bottom part of
figure (5), the observed non linearity is associated with
some localized slip propagation within an annular ring at
the periphery of the contact. Similar slip processes have
already been reported during the quasi-static stiction of
contacts between smooth glass spheres and rubbers [27,
22], where they are accounted for by stress concentration
at the periphery of the adhesive contact [28,29]. Here, it
is clear that the so-called ’stick phase’ in fact involves
some localized slip within the contact interface. Figure
6 provides additional details regarding surface displace-
ments during a slip event at the same imposed velocity
(5 µm s−1). From the monitoring of marker’s location at
the surface of the PDMS substrate, the displacement com-
ponent along the sliding direction is measured at regular
time increments (the reference image for the measurement
of the displacements is taken immediately after the occur-
rence of the previous slip event). Then, the time derivative
of this component provides the actual sliding velocity at
the contact interface. When looking at the sliding veloc-
ity fields shown in the top part of the figure, it comes out

that the slip phase involves the propagation of a straight,
localized, slip pulse - or interface crack- across the con-
tact. Such pulses are systematically initiated at one of the
contact lateral edges (left or right) and propagate in a di-
rection perpendicular to the imposed sliding velocity. The
bottom part of the figure provides the corresponding dis-
placement profiles across the contact zone at regular time
intervals (the profiles are taken along a direction perpen-
dicular to the sliding direction). The two first profiles in
the bottom part of the figure correspond to the displace-
ments just before the nucleation of the interface crack. As
detailed above, some localized slip has already occurred
at the periphery of the contact. Then, the interface crack
propagates from the right to the left edge of the contact
with a relatively sharp front. The location of this crack
front as a function of time can be used to determine the
average velocity of the interface crack which is found to be
of the order of 100 mm s−1, i.e. four orders of magnitude
higher that the driving velocity. Locally, the space deriva-
tive of the displacement field also provides an estimate of
the in-plane shear strain of the PDMS substrate which
is about 10%. However, this value is probably underesti-
mated due to the limitations in the spatial resolution of
the displacement measurement (100 µm as fixed by the
holes lattice). High strain and strain rates are thus proba-
bly experienced locally at the crack front. After full prop-
agation of the crack across the contact, a relatively uni-
form displacement of about 70 µm is eventually achieved
within the contact, which corresponds to the caracteristic
length obtained from the frequency/velocity relationship
(see above). Figure 7 shows a similar analysis for stick-
slip motions at 1 mm s−1. The velocity fields and the dis-
placement profiles presented in this figure now encompass
a whole stick-slip period (i.e. 65 ms). It appears that con-
tact slip occurs in a slightly different way. Although there
is still some evidence of a preferential crack nucleation at
the lateral contact edge (here on the left), slip now prop-
agates nearly homogeneously around the whole periphery
of the contact. The last point to experience shear failure
within the interface is now clearly located close to the
center of the contact. The associated lateral load corre-
sponds to the maximum of the stick slip cycle. It turns out
that stick-slip motions at high velocities involve a pulsat-
ing slip annulus rather than the propagation of transverse
cracks, as it is observed at low velocity. The average ve-
locity of this slip annulus can estimated from the time
changes in the location of the relatively sharp displace-
ment front close to the boundary between the stick and
slip zones (bottom part of Figure 7). The obtained value
is about 120 mm s−1, i.e. a value very close to the ve-
locity of slip pulses measured at 5 µm s−1. The velocity
of the crack fronts associated with stick-slip motions thus
remains remarkably unchanged when the driving velocity
is increased by nearly four order of magnitudes.

4 Discussion

Stick-slip instabilities are often thought of as sharp jumps
from a uniform stick state to a homogeneous sliding state.
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Fig. 6. Slip pulse propagation during a slip event at 5 µm s−1.
Bottom: displacement profiles taken across the contact area
and perpendicular to the sliding direction at 7.7 ms time inter-
vals. The arrow indicates the direction of pulse propagation.
Dotted lines delimits the contact edge. Top: sliding velocity
fields at the contact interface. Pictures (a) to (d) corresponds
to the displacement profiles in bold lines (from bottom to top).
The measured sliding velocity corresponds to the time deriva-
tive of the surface displacement component along the sliding
direction. As indicated by the vertical arrow, the PDMS sub-
strate is moved from bottom to top with respect to the contact
area which is delimited by a white circle. A slip pulse is propa-
gating from the right to the left contact edge, perpendicularly
to the direction of the imposed displacement. The contact ra-
dius is 2.5 mm.
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Fig. 7. Slip pulse propagation during stick-slip motions at
1 mm s−1. Bottom: displacement profiles taken across the con-
tact area and perpendicular to the sliding direction at 7.7 ms
time intervals during a stick-slip period. The dotted lines de-
limit the contact edge. Top: sliding velocity fields at the contact
interface. Pictures (a) to (d) corresponds to the displacement
profiles with bold lines (from bottom to top). The contact area
is delimited by a white circle. The contact radius is 2.5 mm.

The picture which emerges from our observations is quite
different: the stick-slip motion results from a heteroge-
neous sliding process, with nucleation and propagation
of interface cracks. These observations are reminiscent of
earlier reports by Ronsin and co-workers [30,17,19]. They
have studied the friction of planar gel/glass interfaces with
a linear kinematics and found slip pulses associated with
oscillations in the frictional shear stress below a critical
driving velocity. Our discussion of the results is based on
the comparison with theirs.
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Slip initiation occurs for comparatively constant tangen-
tial force. The force at the onset of the slip (the ”static”
friction threshold, even if in the face of the present evi-
dence for heterogeneous dynamics its relevance becomes
somewhat questionable) is quite constant over a range of
velocities which spans three orders of magnitude (figure
2). Moreover, in our system, the cracks are invariably nu-
cleated at the sides of the contact, but neither at the front
nor the back. In comparison, in gel blocks, the cracks are
nucleated at the back of the block. It is interesting to note
that for our circular contact crack initiation actually oc-
curs in mode III in agreement with the findings of Gao by
FEM [9].
A second observation is that the velocity of the fracture-
like slip fronts is almost independent of the driving veloc-
ity. This observation is again in agreement with previous
results on gels [30]. However for our PDMS surfaces the
crack front velocity is approximately 100 mm s−1: this
value is larger by one order of magnitude than the pulse
velocity in the gel experiments (8 mm s−1) but it remains
below the velocity of Rayleigh waves (about 10 m s−1).
The propagation of the interface cracks across the con-
tact is observed to result in an average Burgers vector (or
slip displacement), δslip ≈ 70 µm. This value is remark-
ably constant as the driving velocity is varied over orders
of magnitude. The driving velocity v is equal to δslip/Tss

where Tss is the stick-slip period. As a result the stick-
slip frequency F = 1/Tss must be proportional to v as
observed experimentally.
This view of friction as due to the motion of cracks raises a
number of questions. From theoretical development, Ron-
sin et al [19] and Baumberger et al [17] have suggested
that the pulse front velocity can be accounted for by the
poro-elasticity of the gel which controls energy dissipation
at the pulse tip via localized collective diffusion modes.
We surmise that the crack velocity is dominated by vis-
cous dissipation in the dislocation core, and the dissipation
mechanisms are probably quite different [31]. Indeed in ad-
hesive contact problems with rubbers, it is well known that
Kc, or equivalently the fracture energy Gc, is rate depen-
dent due to localized viscoelastic dissipation at the crack
tip where high strain and strain rates are experienced [32,
32,31]. In such a mode I experiment, it is indeed very com-
mon to find a three orders of magnitude enhancement of
the fracture energy as the crack front velocity increases.
We might expect traces of a similar behaviour in friction:
it could be expected that the crack propagation velocity
would depend upon the driving velocity, with resulting
variations in the dissipated power. In fact this is not the
case. The most striking feature in this stick-slip regime
is that nothing depends upon the driving velocity except
the stick-slip period, and even this occurs because of the
trivial reasons that it allows the rest to stay constant. In
order for the slip event to be independent from the driv-
ing velocity, the necessity which arises is that the thresh-
old stress for nucleation is much higher than what would
be needed for quasi static propagation, if it could be ob-
served. Then when the crack has been initiated, there is a
rather large amount of stored elastic energy which sets the

crack moving through the contact at large velocity. Since
the threshold is weakly sensitive to velocity (figures 2a
and 2b show an increase of about 30% between 5 µm s−1

and 1 mm s−1), the energy stored at crack initiation stays
nearly unaffected and the crack dynamics is always the
same. As a result both the velocity and the burgers vector
are unchanged throughout the dynamic range. Therefore,
it turns out that, in our system, the main effect of surface
patterning is to weaken the interface which in turn pro-
motes the nucleation and propagation of interface cracks
at a reasonable value of stored elastic energy. This assump-
tion is supported by the fact that the friction force with
the smooth lens is about twice that of the patterned lens
at a given velocity (i.e. 3.9 N and 4.2 N for 5 µm s−1 and
1 mm s−1, respectively). Larger initiation stresses would
result in a different type of fracture which is described as
uniform sliding. The control through the initiation stress
explains why the typical length scales associated with the
observed interface cracks is completely de-correlated from
the characteristic sizes of the pattern. The question be-
hind this characteristic slip displacement is to identify the
parameters which control the manner in which the con-
tacting surfaces re-stick after the propagation of the crack
front. This complicated issue probably involve an intricate
balance between the time and velocity dependence of the
frictional stress and the release of the elastic energy stored
in the system which would require further analysis.
The typical crack propagation time is tp ≈ 2a/vc where
vc is the crack velocity. At low velocity, tp is much lower
than the stick-slip period. As a consequence, the contact-
ing surfaces can re-stick to each other before a sufficient
elastic energy is restored within the system to re-initiate a
slip event. Conversely, crack propagation time at the high-
est velocities is close to the stick-slip period and much less
time is left for the surfaces to re-stick. These considera-
tions could qualitatively explain the transition from a saw
tooth to a quasi-sinusoidal force signal when the driving
velocity is increased. In brief, the stick-slip regime ends
when the load for crack initiation is reached within the
time needed for the crack to cross the contact zone.

5 Conclusion

In this study, we have shown that stick-slip motions within
a contact interface between a rubber substrate and a rigid
patterned glass lens involve crack-like events which are
initiated at the lateral contact edges under a privileged
mode III crack opening condition. Using the resources of
in situ contact imaging, spatially resolved displacement
fields were measured at the surface of the rubber specimen
during the occurrence of slip events. One of the most strik-
ing feature in this stick-slip regime was that crack prop-
agation occurs at a rate which remains remarkably inde-
pendent on the driving velocity over four orders of magni-
tude. This was interpreted as evidence of a crack threshold
which is much higher that what would be needed for quasi-
static propagation. Here, the initiation stress is mainly
controlled by the pattern on the glass surface which effect
seems mainly to weaken the interface. This point would
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deserve further studies where, for example, the effects of
pattern orientation, wavelength and amplitude would be
considered.
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