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Effect of surface pattern on the adhesive friction of elastomers
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We present experimental results for the friction of a flat surface against a hexagonally patterned surface, both
being made of PolyDiMethylSiloxane. We simultaneously measure forces of range 10 mN and observe the
contact under sliding velocities of about 100 um/s. We observe adhesive friction on three different pattern
heights (80, 310, and 2100 nm). Two kinds of contacts have been observed: the flat surface is in close contact
with the patterned one (called intimate contact, observed for 80 nm) or only suspended on the tops on the
asperities (called laid contact, observed for 2100 nm). In the range of velocities used, the contact during
friction is similar to the static one. Furthermore, our experimental system presents a contact transition during

friction for A/=310 nm.
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I. INTRODUCTION

The development of microfabrication techniques [1-4]
has allowed scientists to build microstructured surfaces with
asperities of controlled size. Their use in microfluidics and
biophysics has led to numerous applications such as reducing
friction at an interface liquid/channel [5], mimicking biologi-
cal system properties such as the hydrophobicity of a lotus
leaf [6], or understanding gecko setae outstanding adhesive
properties [7,8].

Two types of surfaces can be distinguished: those with a
random roughness, and others with a regular pattern. These
surfaces have inspired works on contact mechanics (see e.g.,
[9,10] for a review [11]), adhesion, and friction. In the do-
main of adhesion, Fuller and Tabor [12] have proposed a
force-displacement relation for the contact of flat elastic
spheres on a rough substrate whose asperities follow a
Gaussian distribution. This relation is based on the applica-
tion of Johnson-Kendall-Roberts (JKR) theory [13] for the
contact between one single asperity and an elastic sphere. An
expression of the pull-off force for the separation of both
surfaces can be deduced from this relation, in good agree-
ment with experimental data. Persson et al. [14] have studied
the contact adhesion when hard roughness occurs on many
different length scales, and have introduced the fractal di-
mension Dy. This model has pointed out the existence of two
types of contacts, one on small roughness (D;<2.5) where
real and nominal area are equal, the other on high asperities
for which real contact area is much smaller than the apparent
one. In the latter case, the adhesion force may be strongly
reduced. More precisely, experimental results on adhesion
energy calculations [15] show that the pull-off force expres-
sion given by Johnson-Kendall-Roberts theory [13] for an
elastic ball in contact with a flat hard substrate is still valid
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for a rough one: Fpy.qf= 377TRA)/ where R is the ball radius
and Ay the interfacial binding energy per unit surface area
between two flat surfaces. However, in the case of a rough
surface, Ay must be replaced by the effective interfacial en-
ergy v.g calculated from the surface roughness power spec-
tra. Other effects such as substrate softness can influence the
adhesion. Surface force apparatus (SFA) experiments have
shown that stiffness and viscoelasticity of rough surfaces can
cause the effective adhesion force to be orders of magnitude
lower or higher than the thermodynamic value [16]. Indeed,
with soft surfaces as polymers, molecular interdiffusion and
bulk deformation can result in high adhesion. Very recently,
Verneuil ef al. [17] have measured energy adhesion for dif-
ferent heights of pillars and interpreted the results using JKR
theory.

In the domain of friction, influence of sliding velocity and
normal load on friction is also two important subjects of
studies [18,19]. Works on sliding velocity influence have led
to various models since Schallamach’s interpretation of
Grosch’s works on friction of rubbers against hard flat and
rough surfaces. Grosch [19] has found a Williams-Landel-
Ferry mastercurve when studying friction force for various
velocities U and temperatures 7 (100 um/s<U<10 m/s,
and —60 °C<T<90 °C). This curve presents one peak on
smooth surfaces, due to the adhesive contribution of bindings
between rubber and substrate, and another one on rough sub-
strates, due to the rubber bulk deformation [18]. In Schallam-
ach’s model, the transition probability of adhesive bonds for-
mation and breaking explaining the adhesive peak is
thermally controlled (when not due to an external force),
whereas in Chernyak and Leonov’s model [20], it is a sto-
chastic process. However, even on a flat surface, viscoelastic
losses arise during friction processes, as suggested by Savk-
oor [21] and Ludema and Tabor [22] (see, e.g., [23] for a
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review). The existence of a peak, and hence of different
monotonicities show several regimes in the velocity-friction
force curves. At low sliding velocities, a velocity logarithmic
increase in friction force has been experimentally observed
for the friction of atactic polystyrene (PS) above the glass
transition temperature [24], which is consistent with an acti-
vated molecular relaxation process. These results have led to
the determination of the activation energy. For friction ex-
periments performed on a surface force apparatus (SFA) be-
tween two mica surfaces lubricated by a surfactant, Drum-
mond et al. [25] have adapted Chernyak and Leonov’s
adhesive friction model taking in account the elastic energy
stored in an adhesive junction. The results give values for
microscopic parameters as the adhesive junction surface.
Cayer-Barrioz et al. [26] have investigated the friction of
polymers adsorbed on two metallic surfaces on a molecular
tribometer derived from a SFA. They have used the same
model associated to experimental measurements of shear
elastic modulus and interface thickness of the adsorbed lay-
ers to deduce the dynamics of the interpenetration zone with
sliding velocity. Using the theory on polymers of De Gennes
[27] they have correlated the frictional rheology of the inter-
face to the molecular organization of the confined polymeric
interface on the surfaces.

In addition, Schallamach [28] studied the normal load de-
pendence F,, of friction coefficient u and found u~ F ;” 3 for
the friction of vulcanized rubbers on a rough plate, which
corresponds to the case of a contact area following Hertzian
laws. Experiments with regular patterns of polydimethylsi-
loxane (PDMS) against glass [29] and steel [30] have led to
the same conclusions. For all cases described above, the nor-
mal load F, was larger than the adhesive one ~WR, with W
the adhesive energy and R the rubber block characteristic
size, which explains that the contact follows the non adhe-
sive limit of Johnson-Kendall-Roberts’ laws. Other authors
[31] have studied the corresponding intensive lengths and
found that tangential stress 7 is a linear function of pressure
P in a limited range of pressure values P (10 Pa<P
<10° Pa): 7= 1y+aP where 7, and « are two constants. 7 is
the shear yield stress of the asperities. Homola et al. [32] has
introduced two parameters S. and a: F,=AS.+aF, with A
the real contact area. This can be seen as a generalization of
Coulomb law with u=a. S, is the shear stress determined by
intermolecular forces and « the coefficient of friction, which
for static friction is simply tan 6. The latter law has been
experimentally observed [33,34]. In the case of low adhe-
sion, Coulomb laws are observed [32,35,36]. For the friction
of PolyMethylMethAcrylate (PMMA) on a silicone wafer
recovered by a trimethylsilane (TMS) layer (single contact
on a flat substrate), Bureau [37] found a logarithmic depen-
dence of tangential stress as a function of pressure. Persson
[38] suggests the influence of capillary waves to explain this
result. Except for the works of [37], the case where o de-
pends on P occurs generally for multiasperities contact,
where real contact area is smaller than the apparent one. In
the case of saturated contacts, no dependence is expected
[39].

The effect of roughness on the friction coefficient has
been studied by [40]. A flat mica surface slides against a
rough PolyUrethane one (elastic modulus about 1 GPa). The
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FIG. 1. (a) Intimate contact: picture, schematic of the lens in
close contact with the substrate, and linear intensity profile inside
the contact. (b) Laid contact: picture, schematic of the lens sus-
pended on the asperity tops, and intensity profile inside the contact.
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RMS roughness varies from 0.5 to 7.1 nm, while the average
radius of the asperity tips is about a few micrometers. The
friction is controlled by adhesion, and the decrease in the
friction force with increasing roughness can be understood
considering the plasticity index of the surfaces and using a
theory developed by Kogut and Etsion [41].

Various contact instabilities are also observed at sliding
interfaces [42,43]: they occur at different length scales from
molecular to macroscopic one [36]. For instance, in 1971,
Schallamach [43] discovered that friction of elastomeric in-
terface is often dominated by the onset and propagation of
elastic instabilities in the form of surface waves. The latter
propagate through the contact from the leading to the trailing
edge as soon as the sliding velocity exceeds a threshold
value which varies with the normal load and/or the radius of
curvature of the slider. To form Schallamach waves, the ad-
hesive force at the interface must be strong enough to pin the
interface at the rear of the contact area creating a zone of
tension, while shearing the interface causes a zone of com-
pression in the front of the contact area [36]. Another typical
example of friction instabilities with elastomer is the occur-
rence of stick-slip motion or sprag slip phenomenon, succes-
sion of stick and slip phases. The common driving mecha-
nism is most often attributed to a negative slope for friction
as a function of velocity.

The first goal of this paper is to propose an adhesive fric-
tion law for elastomeric interfaces. It derives from an experi-
mental investigation of the sliding velocity and normal load
influence on the steady state friction of a PolyDiMethylSi-
loxane (PDMS) lens on a controlled patterned surface. Three
hexagonal networks of pillars of height 80, 310, and 2900
nm have been used to allow us to define two states of the
contact [17,23]:

(i) The intimate contact [23], corresponding to the lowest
pillars, where the top lens follows the modulation of the
substrate pillars [see Fig. 1(a)]. The contact has an homoge-
neous appearance, as shown by an intensity scan inside the
contact.

(ii) The laid contact, corresponding to the highest pillars
where the top lens is laid on top of the substrate pillars [see
Fig. 1(b)]. An intensity scan along an asperities line shows
the intensity modulations due to the presence of an air film
between the lens and the patterned substrate.
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FIG. 2. (Color online) Principle of the experimental setup. A
PDMS lens (black) placed at the extremity of a cantilever beam is
pressed against a PDMS textured substrate (hachured zone). The
contact zone is observed with a microscope. A constant sliding
speed U is applied to the substrate. The normal force F,, and friction
force F, respectively result in a bending and a torsion of the canti-
lever beam measured by the deviation of a laser beam.

The frictional response of these contacts is studied. In
addition, this paper enlightens the coexistence of a mixed
contact, i.e., a contact partly intimate and partly laid, and it
focuses on its dynamics during friction.

II. EXPERIMENTAL SYSTEM

The principle of the experiment is the following. A lens
made of PolyDimethylSiloxane (PDMS) is pressed against a
patterned PDMS substrate. The latter is a plane surface on
which a regular pattern of pillars has been realized. The con-
tact is observed with a microscope placed under the sub-
strate. The substrate is pulled with a constant sliding velocity
U. The lens is a smooth convex surface placed at the extrem-
ity of a flexible cantilever beam. The applied normal load F,
and the resulting friction force F, are known during the slid-
ing by measuring with a photodetector the deviation of a
laser beam reflected at the beam end, following a principle
used in atomic force microscopy (Fig. 2).

The substrate is laid on a glass slide which is driven by
two dc motors (860A-2, Newport, Irvine, USA). The sliding
velocity U ranges from 35 pm/s to 350 um/s=* 10%.

The cantilever beam is a glass plate of dimension
22 mm X1 mmX200 wm. Its extremity is covered with a
thin gold layer of thickness 50 nm to reflect the laser beam.
When the lens is pressed against the substrate with a normal
load F,, the beam bends along z-axis. The vertical stiffness
k, is defined by F,=k,Az where Az is the vertical deflection
of the beam end. It is experimentally determined by measur-
ing the resonance frequency of the beam loaded with differ-
ent weights [44]. Its value is about k,~10 N/m. In other
respects, when the substrate slides, a tangential or friction
force F, is applied to the top of the lens (contact point). Tt
results in a torque applied to the beam along the x axis. By
denoting Ay the horizontal displacement of the contact point,
the torsion stiffness &, is defined by F,=k,Ay. It is related to
the vertical stiffness by

2 I \?
"3(1+V)(e+t/2> ’ M

where [ is the beam length, ¢ the beam thickness and e the
lens height. Typical values are k,~ 1000 to 10000 N/m. The

k,=k
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resonance frequencies of the set cantilever beam—Iens, have
been assessed by closed-form relationships based on Euler-
Bernoulli’s beam for flexural motion and classical theory of
rod for torsional motion [45]. The first eigenfrequencies are
~100 Hz for z-flexion, ~900 Hz for y-flexion and
~44 000 Hz for torsion. These large values are due to the
lightness of the lens. They give the upper frequency limit of
the force measurement which is particularly important for
transient phenomena.

The laser supplied by a diode is specularly reflected at the
extremity of the beam and hints the center of four-quadrant
photodetector. When the normal load F), is exerted, the laser
is deviated upward along the z axis. When the friction force
F, is applied to the lens base, the torsion of the cantilever
beam results in a deviation along the y axis of the laser. The
tensions U, and U, measured by the photodetector are there-
fore related to forces F, and F, respectively with F,
=k,a,U, and F,=k,a,U,. The coefficient a,, is experimentally
determined by measuring the resulting voltage U, for differ-
ent values of the vertical deflection Az of the cantilever
beam. Az is measured with a micrometer. A similar method is
used for the coefficient a,.

The vertical position of the set cantilever beam—Ilaser
diode—photodetector is controlled with a piezoelectric crys-
tal (NanoX400SG, Piezojena). A servo-control loop allows to
maintain the normal load F, constant. The normal load F,
ranges from 100 uN to 500 uN with a resolution of
10 uN.

A data acquisition card (Keithley KUSB 3116, Cleveland,
USA) records the sliding velocity U, the piezoelectric volt-
age and the four-quadrant photodetector output signals U,
and U,.

Lens and substrate are made of PolyDiMethylSiloxane
(PDMS) realized by mixing polymer chains (N~ 350) from
Sylgard 180 (Dow Corning) and curing agent in 10:1 weight
ratio. Air bubbles formed during mixing are removed in
vacuum bell. The prepolymer is cured for 48 h at 65 °C for
reticulation. The obtained PDMS has a Young’s modulus E
~1 MPa and a Poisson’s coefficient »=0.5 [46].

For the lens, droplets of contact angle between 55° and
65° are deposited on a hydrophobic microscope slide and
then cured for reticulation. The droplet (Iens) and the slide
(cantilever beam) are then fixed on the apparatus. The sub-
strate made of the same PDMS, is molded. The mold is a
silicium wafer of area 1 cm? printed by photolithography
and reactive ion etching/deep reactive ion etching. The mold
is covered with the prepolymer and cured for reticulation.
The PDMS layer is then peeled. The surface texture is a
hexagonal lattice of cylindrical pillars of diameter 2 wm.
The pillars are separated by a distance of 4 um between two
successive centers. Since the lattice is hexagonal, the theo-
retical occupation rate is 23%. Three different types of sub-
strate are used respectively with pillar height #=80 nm, &
=310 nm, and 2=2900 nm (Fig. 3).

The contact is observed continuously during sliding with
an inverted microscope (Axiovert 135, Zeiss, Switzerland)
by reflection interference microscopy. The interferences
fringes are clearly visible and provide a direct measurement
of the contact radius a and the lens profile. Typical size of
contact radius ranges from 50 to 100 wm and can be mea-
sured with a resolution of 1 um.
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FIG. 3. PDMS substrate texture. A hexagonal pattern of cylin-
drical pillars (diameter: 2 wum) separated by 4 um is realized on
the surface. Three different types of substrate with height (a), h
=80 nm, (b), /=310 nm, and (c), /=2900 nm are used.

III. RESULTS AND DISCUSSION

A. Static contact

For a static contact, two types of contact have been ob-
served. For a substrate with small pillars (2=80 nm), an
intimate contact between lens and pillars is observed [see
Fig. 1(a)]: the contact area is uniform. On the contrary, on a
substrate with high pillars, i.e., 2/=2900 nm, we can distin-
guish the pillars tops inside the contact area [see Fig. 1(b)]:
the lens is laid on these pillars tops, and an air film comes in
between lens and pillars. These observations can be ex-
plained by the competition between the two phenomena gov-
erning the contact properties between the lens and the sub-
strate: adhesion and elastic deformation energies [17]. For
h=80 nm, the adhesion energy is much larger than the elas-
tic deformation cost. This allows the lens to follow the pillars
modulations and be in intimate contact. Above a critical
height A, the elastic energy dominates and the lens is laid
only on the pillars tops, without invading the interspace be-
tween the pillars.

h. represents the static transition height from a laid con-
tact to an intimate contact at zero compression force. It is
given by the balance between adhesion energy on a flat sur-
face Woa%, where W, is the adhesion energy per unit surface
on a flat substrate and a, the contact radius between the lens
and one single pillar, and the cost due to the lens deformation
on a pillar Eh’a,, with E the Young modulus of the system.
As a; reaches r at the transition, we obtain

PHYSICAL REVIEW E 82, 031806 (2010)

t=0.2s

t=05s

- I:t kinetic

R

20 40 60
time (s)

FIG. 4. h=80 nm: (a) Contact images when sliding begins: (i)
before friction begins, and (ii) and (iii) during friction. The arrow
represents the sliding direction of the substrate. (b) Friction force
versus time for a constant normal load of 70 uN and a sliding

velocity of 35 um/s.
[W,
h.~ Er. (2)

With Wy=43 mN/m, E=1.1 MPa, r=1 um [17] we find
h.=200 nm. A, is experimentally found to lie between 220
and 310 nm and is in good agreement with theoretical pre-
dictions [17].

B. Adhesive friction law

For h=80 nm, and for the range of velocities and normal
forces used during our experiments, we observe that the con-
tact remains entirely intimate during friction. For &
=2900 nm, we observe that it stays entirely laid. For &
=310 nm, we observe the existence of a mixed contact [see
Fig. 8ii]. The back of the lens is intimate, whereas the front
is laid. This phenomenon is due to the fact that the pillars
have a height close to the static laid/intimate transition height
h,.

Our PDMS/PDMS experimental system [17] presents
high adhesion energies. It is thus expected that adhesion
plays an important role in friction experiments. Let us esti-
mate the adhesive force, and compare it to the normal load
applied: we find that the adhesion force WX lens radius
~40X 107 mN/m X 10~ m~40 uN is of same order of
magnitude as normal load F,,~ 100 uN. Therefore, we pro-
pose an adhesive friction law, where the friction force is
proportional to the contact area [35],

Ft = Sc(aAintimale + BAlaid) (3)

considering that the frictional contributions of the intimate
and laid parts of the contact can be added. S, is the adhesive
shear stress due to intermolecular forces as mentioned by
Israelachvili [35,16], whereas A; ;e and A4 are the appar-
ent contact areas located within the external contour (dashed
circles on Fig. 4 and 6). This implies that under certain cir-
cumstances, only a portion « and B of, respectively, intimate
and laid areas contributes to the friction. Thus @A; ;e and
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FIG. 5. h=80 nm (a) Friction force F, versus normal load F,, for
U=35 um/s (black) and U=350 um/s (gray). (b) Friction force
versus contact area A for U=35 um/s (black) and U=350 um/s
(gray).

BAj.iq are the friction contact areas. In order to validate the
proposed friction law, the friction behavior of intimate, laid,
and mixed contacts has been investigated.

1. Intimate contact (h=80 nm): Determination of S,

Description of sliding friction with time. Before the slid-
ing begins at constant normal load, the static contact has a
circular shape [see Fig. 4(a)i]. No pillar can be distinguished
in the contact since the lens and the substrate are in intimate
contact. At the onset of sliding, the substrate first sticks to the
lens and then begins to slide [see Fig. 4(a)]. It can be seen in
Fig. 4(a)iii that the contact front and back shrink and that its
shape becomes oblong, whatever the sliding velocity is. The
tangential force increases to a maximum when sliding be-
gins. This corresponds to a static friction peak. Then it de-
creases to the kinetic value of friction and remains constant
until the end of sliding (see Fig. 4). This observation has also
been described by Barquins et al. [47]: first, adhesive forces
keep the lens stuck on the substrate. The contact area is the
same as at rest because the lens moves as one block, and the
tangential force increases. As the contact pressure is lower on
the contact edges, the lens unsticks more easily and micros-
lidings occur at the front, but especially at the contact back.
The latter slides forward, whereas the front slightly slides
backward, which leads to an oblong shape of the contact.

Influence of normal load, contact area, and sliding veloc-
ity. Friction experiments have been carried out at two sliding
velocities U=35 um/s and U=350 um/s for several nor-
mal loads. Figure 5(a) shows an increasing friction force F,
with normal load F),, independently of sliding velocity. How-
ever, as expected in the case of adhesive friction, the Cou-
lomb’s law F,=uF,, with w the friction coefficient, is not
obeyed here. The contact area A;, ;.. can be measured and
its evolution with normal load follows JKR law [13]. As a
consequence, the friction force F, can be plotted versus the
contact area Ajyimae in Fig. 5(b): it depends linearly on
Ainiimate: Fr=SAinimae- Lhe adhesive shear stress S, can be
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TABLE 1. Values of the shear stress S, @, and .

h=80 nm h=2900 nm

U S. a B
(um/s) (MPa) (%) B @ (%)
35 2.55+0.01 100 0 0 26
350 2.83+0.06 100 0 0 25

defined as the slope of the curve and its value is reported in
Table 1. The value is higher than usually found (e.g., Vor-
volakos et al. [48]): this can be explained by the fact that
both the sphere and the substrate are of the same material
(PDMS), leading to commensurate surfaces, as observed for
glassy polymers in Sivebaeck et al. [34]. It slightly increases
with the sliding velocity. Such an increase with velocity is
predicted by several theoretical models [35,18,49,25,50]:
they consider an elastic model where adhesive bindings are
continuously stretched then broken. There is a regime where
a rising extension of adhesive bindings is observed before
they break, leading to an increasing shear stress with an in-
creasing sliding velocity. A second explanation is the contri-
bution of polymer chains friction, which can be seen as a
viscous contribution [49].

2. Laid contact (h=2900 nm): Determination of B

Description of sliding friction with time. Before the slid-
ing begins, the static contact has a circular shape [see Fig.
6(a)i]. The pillars tops on which the lens lays can be clearly
seen inside the contact. When the substrate begins to trans-
late, the contact remains circular as shown in Fig. 6(a)ii.

We do not observe any static friction peak of the tangen-
tial force F,, which increases directly to a kinetic friction
value when the sliding begins, then remains constant until
the end of sliding. The absence of static friction is due to a
weaker adhesion of the lens on the substrate, as only the
asperity tops are in contact with the lens.

During the sliding, we also observe within the contact that
the pillars do not appear as dark disks as they do outside of

(a) t=0s t=04s
U=0um/s U=35pum/s—>

M _sapm G

i
i
i \
laid 1
I

A

(b) 1 L L L
204+ w MMWWWW*Y" L Fy kinetic
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% 104 |
w
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0 'W T T T 3

0 20 40 60
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FIG. 6. h=2900 nm: (a) Contact images when sliding begins:
(i) before friction begins, and (ii) during friction. The arrow repre-
sents the sliding direction. (b) Friction force versus time for a con-
stant normal load of 460 uN and a sliding velocity of 35 um/s.
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FIG. 7. h=2 900 nm (a) Friction force versus normal load for
U=35 um/s (black) and U=350 um/s (gray). (b) Friction force
versus contact area for U=35 um/s (black) and U=350 um/s
(gray).

the contact. We clearly see streaks, which means that the
pillars are bent. This can be explained by the following cal-
culus: the elastic deformation energy for a pillar deformed on
a length r with a curvature radius r is xkr~ 10712 J with «
=Emr*/4 the rigidity constant for a cylinder. This energy is
of the same order of length as the friction force work on a
pillar FN\?/4A,,4~ 107> J, as F,~10 mN. The pillars
bending also explains the fact that the dynamical contact
[Fig. 6(a)ii] is greater than the static one [Fig. 6(a)i].

Influence of normal load, contact area and sliding veloc-
iry. Figure 7(a) shows an increasing friction force F, with
normal load F,, independently of sliding velocity. Once
again we can see from Fig. 7(b) that the frictional response
of the experimental system does not follow Coulomb’s law.
As the dynamical contact follows JKR law, we have plotted
the friction force versus contact area and observed that the
system obeys to an adhesive friction law, as previously. This
time, however, a=0 as there is no intimate contact. Since a
laid contact can be seen as the discrete sum of many intimate
contacts between the lens and the pillars tops, we propose to
apply Eq. (3) with the value of S. found for =80 nm, but
with 8<100% because the friction contact area is lower than
the area located with the circular contour,

F,=8:.BAnia (4)

B is thus expected to be close to the ratio of effective contact
area over the apparent one, that is the pillar density 23%. We
find experimentally B~25%. The fact that it is slightly
higher than the geometric pillar density can be explained by
the fact that the pillars are bent during sliding and the effec-
tive contact area is then higher. An estimation of the effective
contact area from the contact pictures has been tried, but it
has not been conclusive due to insufficient picture resolution.

3. Mixed contact: h=310 nm: Determination of « and

Description of sliding friction with time. Before the slid-
ing begins, the contact has a circular shape and is entirely
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FIG. 8. h=310 nm: Contact images when sliding begins: (i)
before friction begins, (ii) and (iii) during friction. The arrow rep-
resents the sliding direction.

intimate [see Fig. 8i]. When friction begins, the contact is
mixed. The front surfs on the pillars tops and is laid, whereas
the back remains in an intimate state [see Fig. 8ii]. The con-
tact pressure, which was uniform in a static state, is higher at
the contact back when the contact slides [51].

Validity of the adhesive friction law. In this configuration,
the coexistence of an intimate and a laid contact has allowed
us to verify the friction law described in Eq. (3) for various
sliding velocities. Assuming that the interfacial shear stress
S, is known and taken as 2.55 MPa at U=35 um/s and 2.85
MPa at 85 and 195 um/s, Fig. 9 presents the plot of F,/S,
— BAjia Versus Ajimaes Where B has been chosen such that
the plot passes through the origin: it can be seen that all
experimental data form a straight line of slope a. The small
apparent variation of alpha with velocity remains unex-
plained. The value of &~55% remains lower than 100%.
This result tends to demonstrate that even for an intimate
contact with a pillars height of 310 nm, only a fraction of the
surface contributes to sliding. This can be due to a small gap
between the lens and the ground of the substrate: the optical
interval between a dark and a bright fringe is 273 nm. Thus,
if there is a gap of about 10 nm between the lens and the
substrate between two pillars, it will unlikely be detected
with the camera lateral resolution. Another explanation relies
on the fact that only the effective surface occupied by the
adhesive bindings should be considered [16]. In that case, the
piece of information brought by « is the ratio between the
effective surface of adhesive bindings between #=310 nm
and 7=80 nm. «<100% means that the friction contact area
is lower on higher pillars. This is predictable, as the elastic
deformation is more important. The fact that the contact sur-
face contributing to the friction is less than for an ideal en-
tirely intimate contact is also reinforced by the low value of
B~ 15% compared to the surface density occupied by one
pillar, which would predict 8=23%. We recall moreover that
even for a bent pillar (#=2900 nm), the value found is about

10 000 T T T J
8000
6000
4000
2000

Ft/ Sc- BAlaid (mm?)

0 5000

10000 15000 20000

Aintimate (mmZ)

FIG. 9. Determination of « for three velocities (h=310 nm):
black diamond shaped: U=35 um/s, dark gray cross: U
=85 um/s, hell gray square: U=195 um/s.
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FIG. 10. Transition from a mixed (gray domain) to a laid contact
in two steps.

25%. Finally, concerning the low value of 3 found for &
=310 nm, a third argument can be proposed: the value of
23% fits for a cylindrical pillar with a flat disk of radius
I pm on its top, whereas the pillars of height 310 nm are
spherical caps, thus when the lens lays on their tops, the
contact surface is smaller.

4. Conclusion

In conclusion of this section, an adhesive friction law is
found to govern the frictional behavior of PDMS micropat-
terned contacts: F>real contact area for intimate, laid and
mixed contacts. The additivity of the contributions of two
different kinds of contact (laid and intimate) is verified, and
the presence of pillars lowers the fraction of contact contrib-
uting to sliding.

C. Mixed to laid contact transition during sliding

A transient phenomenon is observed during friction ex-
periments on a 310 nm high pillared surface as shown in Fig.
10: a transition occurs from a mixed to a laid contact in two
steps.

For sliding velocities lower than 35 um/s, the contact is
always mixed: the front is laid and the back is intimate. For
sliding velocities greater than 250 um/s, it is always laid.
For sliding velocities ranging from 65 um/s to 190 um/s,
a transition from a mixed to a laid contact can be observed,
while keeping the normal load constant and without tuning
any experimental parameter. For this range of velocities, two
experiments under similar values of velocity and normal load
do not give rise to exactly the same observations: the transi-
tion can be observed or not. This can be explained by the
high sensitivity of this transition to experimental conditions
(pillars defects or presence of dust for example). However,
for each velocity between 35 and 190 um/s, ten experi-
ments have been made: Fig. 11 presents a map of coexistence
of these contact states as a function of the sliding velocity
and the corresponding measured friction force is also re-
ported for a constant normal load of 320 uN. This figure
shows that the transition mixed—laid occurs more often
when the sliding velocity increases.

A careful examination of the mixed/laid contact transition
shows that it occurs in two steps. First, the intimate part
reduces, and second it disappears. Thus, two transition ve-
locities can be defined: on the one hand, u,, defined with
respect to the lens frame, corresponds to the first step and is

PHYSICAL REVIEW E 82, 031806 (2010)
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FIG. 11. Map of occurrences of the mixed — laid transition: fric-
tion force versus sliding velocity U for a normal load F,
=320 wN. Mixed (black triangles) and laid (black circles) contacts
are observed.

about 25+ 15 um/s. It does not depend on sliding velocity
U. Moreover, u X At; corresponds to the distance covered by
the intimate contact during the transition. On the other hand,
u,, corresponding to the second step, increases with sliding
velocity U as reported in Table II. During the two transition
steps, the friction force and the intimate area decrease
whereas the tangential stress remains constant at about 1.5
MPa (respectively, 1 MPa) for the first step (respectively for
the second step) (values for U=115 um/s).

The existence of this transition can be correlated with the
competition taking place between the sliding velocity, which
tends to lift the lens over the substrate, and the spreading
velocity of the lens on the pillars which favors the existence
of an intimate state. Spreading experiments have been car-
ried out [52] and have shown that the spreading of the inti-
mate state in static conditions originates from nucleation-
growth phenomena and the spreading velocity has been
estimated at about 100 um/s [53-58]. Therefore, this com-
petition can explain the sliding velocity dependance of the
transition:

(i) at low sliding velocities U<<100 wm/s, a mixed con-
tact is established between the lens and the substrate,

(ii) at intermediate sliding velocities U~ 100 um/s, the
competition takes place and the transition between mixed
and laid contacts occurs,

(iii) at high sliding velocities U>100 um/s, laid con-
tacts predominate.

The transition from a laid to a mixed contact has not been
observed, or it has been clearly induced by the passage of a
dust.

TABLE II. Second step transition velocity with respect to the
lens for different sliding velocities U.

U Transition velocity
(um/s) (um/s)

60 62+6

120 104=16

135 101 £10

160 13740

031806-7
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IV. CONCLUSION

A home made tribometer similar to a macroscopic AFM
has been used to investigate the influence of pillars height,
normal load, and sliding velocity on the friction of a flat
PDMS lens on a textured PDMS substrate, by the way of
friction force measurements and contact observations.

The contact observations show the existence of two types
of contacts, intimate on small pillars and laid on high ones.
Moreover, for pillars of intermediate height 310 nm, a mixed
contact, where the back is intimate and the front laid, has
been observed. The existence of intimate and laid contacts is
explained by the competition between PDMS/PDMS adhe-
sion and elastic deformation resulting from the creation of an
intimate contact area.

The frictional response of the system does not follow a
classical Coulomb law in the range of chosen experimental

PHYSICAL REVIEW E 82, 031806 (2010)

conditions. Adhesion plays a dominant role, and an adhesive
friction law, similar to the one found for molecularly smooth
surfaces [35] should be considered: F,=S.(@Ainimace
+BAniq). « (respectively, B) represents the percentage of
measured area Ajyimae (respectively, Aj,iq) Which contributes
to the friction, and are close to the values computed from
geometrical considerations of the pillars. The shear stress
due to intermolecular forces S, increases slightly with sliding
velocity U.

Furthermore, we show that a transition from an intimate
to a laid contact occurs for 4=310 nm when sliding velocity
increases. This transition originates from a competition be-
tween the spreading velocity of an intimate contact in a laid
contact, which is close to 100 um/s, and the sliding velocity
U.
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