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Abstract – In rubber friction studies it is usually assumed that the friction force does not depend
on the sliding direction, unless the substrate has anisotropic properties, like a steel surface grinded
in one direction. Here we will present experimental results for rubber friction, where we observe
a strong asymmetry between forward and backward sliding, where forward and backward refer
to the run-in direction of the rubber block. The observed effect could be very important in tire
applications, where directional properties of the rubber friction could be induced during braking.

Copyright c© EPLA, 2016

Introduction. – The Coulomb friction law states that
the friction force Ff = μFN is proportional to the nor-
mal force or load FN, and is found to hold remarkably
well in many practical applications [1–3]. For surfaces
with isotropic roughness the friction force does not de-
pend on the sliding direction. However, on surfaces with
anisotropic roughness, e.g., a grinded steel surface, the
friction depends on the sliding direction [4].

For elastic solids with nominally flat but randomly
rough surfaces, contact mechanics theories [5] and numer-
ical simulations [6,7] show that for small enough contact
pressure the contact area A is proportional to the nomi-
nal contact pressure p0 = FN/A0, where A0 is the nom-
inal contact area. If it is assumed that a characteristic
frictional shear stress τf acts in the area of real contact,
then the friction coefficient μ = τfA/(p0A0) will be inde-
pendent of the pressure p0, i.e., independent of the nor-
mal load FN = p0A0. There are many reasons why the
Coulomb friction law may fail. In ref. [8] we considered a
fundamental mechanism which is also very important for
rubber friction [5,9–11], e.g., for the friction between tires
and road surfaces.

Here we consider friction on a substrate surface (con-
crete) with isotropic statistical properties. We present

(a)www.multiscaleconsulting.com

experimental results for rubber friction, where we observe
a strong asymmetry between forward and backward slid-
ing, where forward and backward refer to the run-in di-
rection of the rubber block. The observed effect could be
very important in tire applications [12] where directional
properties of the rubber friction could be induced during
braking.

Experimental friction set-up. – We have performed
two types of friction measurements. In the first type the
driving force is constant. In the second type of experi-
ments the driving velocity is constant.

Leonardo da Vinci experiments. The measured data
were obtained using the set-up shown in fig. 1. The slider
consists of two rubber blocks glued to a wood plate. One
block is at the front of the wood plate and the other at
the end of the wood plate, and the nominal contact area
is A0 = 10 cm2. The normal force is generated by adding
lead blocks (total mass M) on top of the wood plate. Sim-
ilarly the driving force is generated by adding lead blocks
in the container M ′ in fig. 1.

The sliding distance as a function of time is measured
using a distance sensor. This simple friction tester can be
used for obtaining the friction coefficient μ = M ′/M as a
function of sliding velocity and nominal contact pressure
p = Mg/A0. Note that with this set-up the driving force
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Fig. 1: (Colour online) Simple friction tester (schematic) used
for obtaining the friction coefficient µ = M ′/M as a function
of the sliding speed. The sliding distance is measured using a
distance sensor and the sliding velocity obtained by dividing
the sliding distance with the sliding time.
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Fig. 2: (Colour online) Schematic picture of low-temperature
friction instrument allowing for linear reciprocal motion.

is specified, and the velocity dependence of the friction
can be studied only on the branch of the μ(v)-curve where
the friction coefficient increases with increasing speed.

In the Leonardo da Vinci experiments the rubber blocks
are run-in on the substrates on which the measurements
are done.

Linear reciprocal friction tester. We have developed
a linear friction tester where the driving velocity rather
than the driving force can be specified. Figure 2 shows a
schematic picture of the set-up. The rubber is glued into
the milling grove of the sample holder which is attached
to the force cell (red block in the figure). The rubber
specimen can move in the vertical direction to adapt to
the substrate profile. The normal load can be changed by
adding additional steel plates on top of the force cell. The
substrate sample is attached to the machine table which
is moved by a servo drive via a gearbox in a translational
manner. Here we control the relative velocity between
the rubber specimen and the substrate sample, while the
force cell acquires information about normal force as well
as friction force.

With the current configuration it is possible to move
the rubber specimen with velocities from 1 μm/s up to
1.25 cm/s. The temperature inside the deep freezer can
be varied from 20 ◦C to −45 ◦C, but here we only present
results for T = 20 ◦C.

Preparing an experiment we cut out a rubber specimen
from a rubber sheet, and glue it to the sample holder. We
typically round off the sharp edges using a scalpel, and

Fig. 3: (Colour online) The run-in of the rubber block by belt
grinding on polyester sand paper P80.

prepare the rubber surface by sliding it first on sandpaper
(see fig. 3). This run-in, which we will refer to as belt
grinding, is performed only in one direction. Then the
rubber sample is placed in the set-up and the velocity
profile is programmed into the computer.

In the study below the velocity dependence is measured
from 1 mm/s to 1 μm/s. The friction coefficient is the
average of all measured values for each velocity.

Experimental results. – All experiments were per-
formed for Hydrogenated Nitrile Butadiene Rubber with
30 phr carbon black filler (HNBR-30). As substrate we
used a concrete surface.

Figures 4, 5 show the results obtained with the linear
reciprocal friction tester. Figure 4 shows the friction co-
efficient as a function of the sliding distance during recip-
rocal motion at sliding speed v = ±1 mm/s. After sliding
20 cm the velocity is reversed. Figure 4(a) shows results
before run-in and (b) after run-in on the sandpaper (belt
grinding). The red and green lines are the results obtained
using two different (nominally identical) rubber blocks.

For the rubber block which was not belt grinded
(fig. 4(a)) the friction coefficient is nearly the same in both
sliding directions. However, after belt grinding (fig. 4(b))
the friction is much larger when sliding along the run-in
direction (the direction indicated by the left-pointing ar-
rows in fig. 4(b)).

Figure 4(c) shows similar results as in fig. 4(b) but for a
case where the belt grinding direction is orthogonal to the
sliding direction on the concrete surface. In this case the
friction coefficient is nearly the same in the forward and
backward sliding directions.

Figure 5 shows the friction coefficient as a function of
the logarithm of the sliding speed, at the nominal contact
pressure p = 0.12 MPa. The filled and open red symbols
show the friction coefficient during sliding along and oppo-
site to the belt grinding direction, respectively. Note that
the friction is much higher during sliding in the forward
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Fig. 4: (Colour online) The friction coefficient as a function of
the sliding distance during reciprocal motion at sliding speed
v = ±1mm/s. After sliding 20 cm the velocity is reversed.
Panel (a) shows results before run-in and panels (b) and (c)
after run-in on the sandpaper (belt grinding). In (b) the sliding
occurs along (left-pointing arrows) or opposite to the grinding
direction. The red and green lines are the results obtained
using two different (nominally identical) rubber blocks. In (c)
the sliding direction on the concrete surface is orthogonal to
the grinding direction of the rubber block. For the HNBR with
30 phr carbon black on the concrete surface at the temperature
T = 20 ◦C and the nominal contact pressure p0 = 0.12 MPa.

direction. We refer to this remarkable result as “sliding
friction inversion asymmetry”. The blue symbols show
the same results when the rubber block is rotated by 90◦

so the sliding occurs orthogonally to the belt grinding di-
rection. In this case there is negligible sliding friction in-
version asymmetry.

During run-in on the sandpaper surface rubber wear oc-
curs, and the shape of the bottom surface of the rubber
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Fig. 5: (Colour online) The friction coefficient (obtained us-
ing the linear reciprocal friction tester) as a function of the
logarithm of the sliding speed for a 30 phr carbon black filled
HNBR on a concrete surface at the nominal contact pressure
p = 0.12 MPa. The rubber block was “grinded” in one direc-
tion and the filled and open red symbols show the friction co-
efficient during sliding along and opposite to the belt grinding
direction, respectively. The blue symbols show the same results
when the rubber block was rotated by 90◦ so the sliding occurs
orthogonally to the grinding direction. The green lines are the
calculated friction coefficients using the theory of ref. [14]. The
lower solid green line is the viscoelastic contribution and the
upper one is the sum of the viscoelastic and adhesive contri-
butions. The solid lines are without the flash temperature and
the dashed lines are with the flash temperature.

v

rubber

Fig. 6: (Colour online) Shape of rubber block (side view) af-
ter run-in (wear process) sliding the block in the direction to
the left (proportions are exaggerated). The indicated shape
of the bottom surface of the block results in a nearly uniform
(nominal) contact pressure and uniform wear. When the block
is slid in the opposite direction, the contact pressure is highly
non-uniform and the rubber wear is much larger. In the latter
case the friction force is smaller than during forward sliding.

block is changed in such a way as to result in a more
uniform contact pressure (and hence more uniform rubber
wear). Earlier studies [13] have shown that after run-in the
rubber block takes the form shown in fig. 6 (side view).
This shape of the bottom surface of the rubber block gen-
erates a (nearly) uniform contact pressure during sliding
in the forward direction, while the contact pressure will
be highly non-uniform when sliding in the backward di-
rection. Hence if the frictional shear stress depends non-
linearly on the local (nominal) contact pressure, then this
could explain why we observe different friction coefficient
during forward and backward sliding. However, we will
now show that the rubber friction depends very weakly on
the nominal contact pressure so the macroscopic change
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Fig. 7: (Colour online) The friction coefficient (obtained using
the Leonardo da Vinci set-up) as a function of the logarithm
of the sliding speed for a 30 phr carbon black filled HNBR on
a concrete surface. Results are shown for the nominal contact
pressures p = 0.03, 0.13 and 0.31 MPa. The green lines are
theory predictions (see fig. 5 and ref. [14]).

v

rubber

Fig. 8: (Colour online) During sliding in one direction a wear
pattern may develop on the rubber surface (flap-like struc-
tures), which does not exhibit inversion symmetry along the
sliding direction. In this case if the sliding velocity reverses its
sign the friction may be different until sliding a long enough
time to run-in the system.

in the shape of the rubber block is unlikely to be the cor-
rect explanation for the large difference (about a factor
of ∼ 1.8) in the friction between forward and backward
sliding.

Figure 7 shows results obtained using the Leonardo da
Vinci set-up. The friction coefficient is shown as a func-
tion of the logarithm of the sliding speed for the nominal
contact pressures p = 0.03, 0.13 and 0.31 MPa. The green
lines are calculated friction coefficients using the theory
described in ref. [14]. The lower solid green line is the
viscoelastic contribution and the upper one the sum of
the viscoelastic and adhesive contributions. The solid lines
are without the flash temperature and the dashed lines
with the flash temperature. Note that within the experi-
mental noise there is nearly no dependence of the friction
coefficient on the nominal contact pressure. The same
result was observed using the linear friction slider with
the nominal contact pressure increasing from 0.12 MPa to
0.45 MPa.

Discussion. – In an earlier study [8] we have pre-
sented experimental data for two cases where the fric-
tion coefficient exhibit a local maximum for the sliding

(a)

(b)

Fig. 9: Scanning electron microscopy pictures of a rubber
(HNBR with 50 phr carbon black filler) surface after belt grind-
ing (see fig. 3). The grinding direction is upwards. The white
arrows indicate some rubber structures which are not symmet-
ric with respect to the forward (upward) and backward sliding
directions. (Courtesy of Szymon Bernat (NTNU).)

speed v ≈ 1 mm/s. For the HNBR-concrete system stud-
ied above, there is no clear maximum of the μ(v)-curve in
the (experimentally) studied velocity range. In ref. [8] we
have shown that when the friction coefficient exhibits a
maximum, the friction coefficient depends on the nominal
contact pressure close to the maximum. In the present
case, where there is no local maximum of the μ(v)-curve
in the studied velocity interval, the friction coefficient ex-
hibits only a very weak dependence on the nominal contact
pressure, which is within the range of fluctuations in the
measured data (see fig. 7). This supports our (theory)
argument [8] for the dependence of the friction force on
the load.

Let us now address the main result of this study,
namely the large difference we observe between forward
and backward sliding when sliding occurs along the rubber
belt grinding direction (red symbols in fig. 5). We have
studied a large number of systems and always observed
higher friction when sliding along the grinding direction.
We attribute the strong dependence of the friction on the
sliding direction to sliding-induced modifications of the
rubber surface. This conclusion is consistent with the ob-
servation that if we rotate the rubber block by 90◦, nearly
the same friction occurs during forward and backward mo-
tion (fig. 4(c) and blue symbols in fig. 5).
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Fig. 10: The adhesive pads on the beetle (Chrysolina fastuosa)
are covered by fiber-plate (spatula) structures which generate
strong adhesion and friction when slided in one direction and
small adhesion and friction when slided in the opposite direc-
tion. Note that when the spatula flips over to the other side
little outgrowths reduce the contact area and hence the friction
and adhesion. (Courtesy of S. N. Gorb, Zoological Institute at
the University of Kiel, Germany.)

There are three possible explanations for the observed
asymmetry in the friction between forward and backward
motion:

a) As mentioned above, the wear-induced change in
the shape of the rubber block could result in different
(macroscopic) contact pressures when forward sliding is
compared to backward sliding. In particular, one expects
a more uniform contact pressure when sliding forwards
which would tend to give higher friction than for a non-
uniform contact pressure profile. However, as already
pointed out, we do not observe any significant pressure de-
pendence of the friction coefficient in the relevant pressure
range.

b) It may be related to a short-lengthscale geometrical
asymmetry, e.g., to wear, as is indicated in fig. 8. It is
known from wear studies that a pattern like indicated in
fig. 8 is often formed on rubber surfaces when sliding oc-
curs in only one direction [15], and it is clear that in this
case forward and backward motion may result in differ-
ent friction. For the rubber surface observed at ×100 and
×500 magnifications we do not observe any wear pattern of
the form shown in fig. 8, but some structures which could
result in different friction during forward and backward
sliding can be seen (see fig. 9(a) and (b)).

c) The run-in, which involves high temperature and
high stresses, may result in rubber bond-breaking and
bond-formation processes, i.e., plastic-like changes in
the rubber surface region. This would be similar to
the Bauschinger effect, which is typically associated

with plastic deformations of metals. This may result
in anisotropic material properties, and in the ob-
served (large) frictional inversion asymmetry. We believe
b) and/or c) is the fundamental origin for the directional
asymmetry in the friction observed above.

We note finally that what we refer to as frictional in-
version anisotropy is exhibited by nearly all adhesive or-
gans developed by insects, tree frogs and geckoes to adhere
and move on (rough and tilted) surfaces [16,17]. In fact
the adhesive pads on insects and geckoes are covered by
tilted fibers (hairs) which end with plate-like structures
(see fig. 10) very similar to the wear-induced rubber flaps
illustrated in fig. 8. This results in frictional inversion
anisotropy, e.g., the adhesive pads of the fly studied in
ref. [17] exhibit a frictional anisotropy factor of ∼ 1.6,
similar to what we observe for rubber. Similarly, smooth
adhesive pads usually consist of materials with anisotropic
properties, e.g., the great green bush cricket (Tettigonia
viridissma) has smooth adhesive pads with a fibrous struc-
ture with tilted fibers, resulting in a frictional anisotropy
factor of nearly ∼ 4 (see ref. [16]).

Summary. – We have studied how the rubber friction
depends on the sliding direction for a rubber block run-in
on a sandpaper surface. We have found an asymmetry
between forward and backward sliding. Rotating the rub-
ber block by 180◦ resulted in a reverse in the asymmetry.
This indicate that the asymmetry must be related to an
asymmetry in the rubber block and not an experimental
artifact.
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(ETHZ) and S. Torbrügge (Continental) for useful dis-
cussions. We thank Szymon Bernat (NTNU) for help
with the SEM images of the rubber surface. The research
work was performed within a Reinhart-Koselleck project
funded by the Deutsche Forschungsgemeinschaft (DFG).
We would like to thank DFG for the project support under
the reference German Research Foundation DFG-Grant:
MU 1225/36-1. The research work was also supported by
the DFG-grant: PE 807/10-1. This work is supported in
part by the Research Council of Norway (Project 234115
in the Petromaks2 programme). This work is supported
in part by COST Action MP1303.

REFERENCES

[1] Rabinowicz E., Friction and Wear of Materials, 2nd edi-
tion (Wiley-Interscience) 2008.

[2] Persson B. N. J., Sliding Friction: Physical Principles
and Applications (Springer) 1998.

[3] Gnecco E. and Meyer E., Elements of Friction Theory
and Nanotribology (Cambridge University Press) 2015.

[4] Carbone G., Lorenz B., Persson B. N. J. and
Wohlers A., Eur. Phys. J. E, 29 (2009) 275.

[5] Persson B. N. J., J. Chem. Phys., 115 (2001) 3840.

66002-p5



A. Tiwari et al.
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