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a b s t r a c t

Rubber friction depends on the surface roughness of the counter surface, e.g. a road surface. We have
measured the friction for two rubber compounds sliding on randomly rough surfaces produced by 3D-
printing. The surfaces had different macro-roughness and the friction experiments were performed over
six decades in speeds, from 10�6 m s�1 to 1 m s�1, on both dry and lubricated substrates. The viscoe-
lastic modulus master curves of the rubber compounds, and their large-strain effective modulus were
obtained from dynamic mechanical analysis (DMA). The measured friction coefficients were compared to
the calculations of rubber friction using Persson's contact mechanics theory. The role of the macro-level
roughness is discussed.

& 2017 Elsevier B.V. All rights reserved.
1. Introduction

Rubber friction has been studied for a long time, in particular
for tyre-road interactions [1–19]. With regard to rubber friction,
most counter surfaces of engineering interest exhibit surface
roughness with the surface roughness power spectra of the form
shown in Fig. 1, with a roll-off region at small wavenumber, cor-
responding to long wavelength roughness. So far, many experi-
mental papers [9,11,14,20–25] reported on the role of small-scale
roughness on rubber friction. However, the possible influences of
macro-level texture to rubber friction are often overlooked.

When performing rubber friction experiments on asphalt
roads, even if the sliding friction experiments are carried out on
surfaces with different macro-level texture, it is hard to attribute
the observed differences in friction to their macro-texture, because
usually the roughness at other length scales differs, too. In our
previous study [26] we suggested to use 3D-printed surfaces for
controlled studies of the influence of texture on rubber friction.
Although there are currently technological limitations on re-
producing the small-scale roughness of the asphalt roads via 3D-
printers, the printed samples are fabricated with the same method
and materials. Thus, it is realistic to assume that they have the
same level of micro-roughness. In [26] we concluded that the
macro-texture seems to affect rubber friction, e.g. it influences
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frictional heating, which tends to reduce the friction coefficient of
rubber. Nevertheless, to gain a quantitative insight on how macro-
texture influences rubber friction, a detailed study using several
different test conditions is required. Therefore, here we extended
the study of ref. [26] to different sliding velocities and tempera-
tures, as well as different compounds.

For direct comparisons with theory, rubber friction experi-
ments on road surfaces [9,11,14] had been often carried out at low
sliding velocities ( < −v 10 m/s3 ) where the frictional heating is un-
important. These tests were then repeated at different tempera-
tures to obtain friction-velocity master curves that predicts the
sliding friction (if frictional heating can be neglected) beyond the
measurement velocities. Hence, there is a gap in the literature on
the frictional behaviour of rubbers under high sliding velocities. In
this work, we have studied rubber friction on 3D-printed sub-
strates using two friction measuring instruments so that we cover
over six decades of sliding velocities. The results of the experi-
ments are compared to the predictions of the viscoelastic con-
tribution to the friction using Persson's contact mechanics theory.
The sources of uncertainty in the theoretical predictions, particu-
larly from the input large-strain viscoelastic modulus of the rub-
ber, are discussed in details.
2. Materials and methods

We mathematically generated the topography = ( )z h x y, of
three randomly rough fractal surfaces with different levels of
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Fig. 1. The surface roughness power spectra of the 3D-printed rough surfaces.

Fig. 2. The real (a) and imaginary (b) part of the viscoelastic modulus as a function
of frequency for the two rubber compounds (S and W) used in the friction ex-
periments. The reference temperature used to build the master curves was °20 C .
The solid lines represent the results for small strain (0.04%) measurements. The
squares show the results obtained by strain-sweeps for the strain values which
typically prevail on a surface with the root-mean-square (rms) slope κ=0. 3.
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macro-texture but similar short-scale roughness. Using a 3D-
printer (Objet30 PolyJet, Stratasys Ltd., Eden Prairie, MN, USA) we
produced polymer (acrylic) blocks with the prescribed surface
roughness. The surface topographies of the samples were mea-
sured with an optical profiler (GFM MikroCAD, Germany) and the
surface roughness power spectrum (PSD) were calculated for the
samples (see Fig. 1). Due to the coarse texture of the samples, no
good profiles could be obtained using stylus profiler or atomic
force microscopy. From our experience [26], the optical profiler
has inaccuracies in the large wavenumber region. Hence, the
power spectrum for the short length-scales (used in the theory)
was obtained by extrapolating the spectrum of Fig. 1 with an es-
timated Hurst exponent =H 1. We note that when calculating the
viscoelastic contribution to rubber friction (and the contact area),
it is necessary to introduce a large wavenumber cut-off q1¼2π/λ1,
where λ1 is the shortest surface roughness wavelength included in
the contact mechanics calculation. For smooth surfaces λ1 may be
of order atomic distances, or the average distance between cross-
links, i.e. q1E109–1010 m�1. For very rough surfaces like road
surfaces, we believe that the cut-off is related to the onset of
rubber bond-breaking and wear processes, which appear in the
contact regions at high enough magnification as a result of large
stresses and high temperatures. For elastic solids the area of real
contact, and hence the (average) stress in the contact area, is de-
termined by the root-mean-square (rms) slope κ of the surface. We
therefore use a criterion for choosing the cut-off q1, which is based
on the magnitude of the rms-slope when all the roughness com-
ponents with wavenumber smaller than q1 is included when cal-
culating κ. By analysing a large amount of experimental data
[14,17] we have found that the “critical” rms-slope is equal to
κc¼1.3. Here, applying this criterion resulted in q1¼5.3�108 m�1,
1.6�108 m�1 and 5.6�107 m�1 for samples C1, C2 and C3,
respectively.

We used two rubber tread compounds denoted by S (summer
compound) and W (winter compound). The viscoelastic modulus
master curves of the rubbers were obtained using Dynamic Me-
chanical Analysis (DMA) at both small (0.04%) and large (up to
100%) strains. The effective large strain viscoelastic modulus was
obtained using the procedure described in [11,14,27]. In Fig. 2, we
show the logarithm of the real and imaginary part of the viscoe-
lastic modulus master curves of the rubbers together with their
non-linear response at the large strains obtained from the strain-
sweep experiments. The measurements were performed in tensile
mode with 25% larger prestrain than the oscillatory strain ampli-
tude. The viscoelastic master curve shifts to higher frequencies as
the rubber gets softer, which is the case comparing winter and
summer compounds. The glass transition temperatures of the
rubbers, here defined as the temperature where δ( )tan (at the
frequency ω = −0.01 s 1) is maximized, were = − °T C30.9q and

= − °T C57.1q for the S and W compounds, respectively.
During contact of rubber with surfaces having roughness on

many length scales, the rubber typically undergoes very large
strains (of order unity for road surfaces) [11]. Hence, in friction
calculations, strain softening of the rubber was included using the
measured large strain data in Fig. 2. The contact mechanics and
rubber friction theory developed by Persson is strictly valid only
for linear viscoelastic solids. However, the effective modulus of
filled rubber typically changes a lot when the strain increases up to
�0.03% and after that, the change is much slower. Since the strain
in tyre applications is much larger that �0.03% in a first approx-
imation, using a viscoelastic modulus measured, at large strain is
not a bad approximation. We also note that in the non-linear re-
sponse region, if the applied strain oscillates as ϵ(t)¼ϵ0 cos(ωt)
the stress will be a sum involving terms �cos(nωt) and �sin(nωt)
where n is an integer. The DMA instrument we use define the
modulus E(ω) in the non-linear region using only the component f
(ϵ0, ω)cos(ωt)þg(ϵ0, ω)sin(ωt) in this sum which oscillate with



Fig. 3. The influence of rms slope κ on the large-strain master curve obtained from
strain-sweep measurements for compound S. Due to the limited frequency range of
the DMA instrument, for higher frequencies, smooth extrapolations were used
(dashed lines).

Fig. 4. The measured friction coefficients (markers) and the calculated viscoelastic
contribution to the friction coefficient (solid and dashed lines), for compound (a) S
and (b) W on substrate C1 as a function of sliding velocity. The dashed lines are
with the flash temperature included and the solid lines are without the flash
temperature. The two different markers refer to the two different friction mea-
suring instruments used: squares from the Leonardo da Vinci setup, and triangles
from the linear friction tester.
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the same frequency as the applied strain. Thus, ReE(ω)¼ f(ϵ0,ω)/ϵ0
and ImE(ω) ¼ g(ϵ0, ω)/ϵ0. Note that with this definition the dis-
sipated energy during one period of oscillation (T¼2π/ω) is

( ) ( )∫ σ π ωϵ̇ = ϵ ( )dt t t EIm
T

0 0
2 just as in the linear response region.

The rheological behaviour of the rubber at very high fre-
quencies and large strains requires strain-sweep measurements at
very low temperatures. However, at low temperatures, the rubber
sample ruptures much earlier than the 100% strain prescribed
during the measurements in tensile mode. As a result, the number
of the large strain data points available depends on the root-mean-
square (rms) slope κ, which determines the actual strains involved
in the asperity contact regions (see Fig. 3). In other words, if the
rubber undergoes very large strains during contact, it requires
measured large-strain data beyond the rupture (in tensile mode)
of the rubber, which was not feasible with the current DMA in-
strument. Thus, with the lack of measurement data for high fre-
quencies and high strains, we can only extrapolate the unknown
part of the viscoelastic modulus (see the dashed lines in Fig. 3).
This is one of the uncertainties regarding the theoretical predic-
tions, which must be taken into account when comparing the
theoretical results with the experiments. In this work, the sensi-
tivity of the model predictions on the extrapolated method used is
further discussed in Section 3.

We have performed the friction experiments over a broad
range of velocities using two custom-built friction measuring in-
struments. The rubber blocks used had dimensions of
25�25�11 mm3. The low velocity measurements
(10�6 m s�1ovo10�3 m s�1) were carried out using a simple
Leonardo da Vinci setup [15]. The slider in this setup consists of
two rubber blocks glued to a wood plate. The nominal contact
pressure in the experiment was pE0.07 MPa. The measurements
were carried out at þ12 °C , under dry, water and waterþsoap
surface conditions. The instrument could only measure the friction
coefficient on the branch of the m(v)-curve where the friction
coefficient increases with increasing sliding velocities. For higher
velocities (10�3 m s�1ovo100 m s�1), we used a linear friction
tester [28] and a contact pressure p¼0.32 MPa. In this setup, the
slider was a rubber block glued to an aluminum plate. The friction
tester was located inside a cold chamber where we did the mea-
surements at þ18 °C (room temperature), þ5 °C and �10 °C . The
experiment at room temperature was performed on dry and wet
surfaces. Regarding the wet experiment, we note that it was not
possible to perform the experiments in a water bath; thus, manual
spraying of the substrate's surface was performed before each test.
In the dry sliding tests, we were able to capture thermal images
(with spatial resolution of 640�480 pixels; FLIR Systems Inc.,
USA) from the bottom surface of the rubber samples at the end of
each sliding sweep. For the calculations of the theory, we used the
pressure p¼0.32 MPa. However, we note that in the pressure
range of the experiments, the calculated viscoelastic contribution
to the friction is nearly independent of the pressure, at least in the
present case where we only include the flash temperature effect.
The cumulative effect of the flash temperature results in a gradual
heating of the rubber block (which depends on the sliding dis-
tance), but this is not included in the presented results.
3. Friction-velocity curve at low and high sliding velocities

The results of the friction measurements at low and high ve-
locity are presented in Fig. 4. For low sliding speeds, the



Fig. 5. Sensitivity of the viscoelastic calculations to the input viscoelastic master
curve of the rubber at (a) þ18 °C and (b) �10 °C. The two lines refer to the cal-
culation results when the two different extrapolation methods of Fig. 3 are used in
the theory. The dashed lines are with the flash temperature included and the solid
lines are without the flash temperature.
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measurements were carried out in both dry and lubricated con-
ditions. For the both compounds, the experimental results de-
monstrated a Gaussian-like behaviour of the m(v) curve for the
6 velocity decades under study with the peak of the friction
coefficient always observed near the velocity 10�2 m/s. There are
relatively good agreements between the friction measurements of
the two friction instruments, although some difference prevail in
their common velocity ranges. This is probably related to the lower
nominal contact pressure during the low velocity experiments. In
[13,15], using the same Leonardo da Vinci setup, it was observed
that in the vicinity of the m(v) peak velocities the friction coeffi-
cients decreased as the contact pressure increased. Fig. 4 shows
that the high velocity branch of the m(v) curve exhibits a fast drop
in the friction coefficients with increasing velocities, that is related
to the fast drop in the area of real contact. Thus, at high velocities,
and consequently high perturbing frequencies, the rubber be-
comes stiffer which reduces the real contact area of the rubber
with the substrate. Looking at the theoretical predictions for the
viscoelastic contribution to friction at this velocity range, the ex-
periments seem to follow well the hot branch of the theoretical
predictions for compound S. The difference between the calculated
and measured friction coefficient in Fig. 4 must be due to the
contribution to the friction from shearing the area of real contact.
Indeed, earlier measurements and the theory have shown that on
dry surfaces there is a contribution from the area of real contact
typically centered at a velocity between 0.1–1 m s�1, and of a
magnitude similar to the viscoelastic contribution [14,17]. Using
water and waterþsoap as lubricants on the 3D-printed substrates
(Fig. 4), reduced the friction coefficients. This observation were
similar to the experimental results reported in [17] for asphalt
surfaces, in particular for surfaces with large stone particles ex-
posing very flat and smooth surfaces. Despite the reduction in
friction, the friction-velocity curves of the lubricated experiments
follow the same trend as that of the dry friction. While the nom-
inal contact pressure in the experiments was low, the local pres-
sure on the asperity contact regions is high enough (accompanied
by very low sliding velocities) to squeeze out the lubricant from a
large fraction of the contact area. In this case, we have a friction
coefficient following the dry friction curve but reduced in mag-
nitude. The lower friction for the water þ soap surface probably
has resulted from the adsorbed monolayer films on the substrate
and the rubber surface and the osmotic repulsion [17].

As explained earlier in the experimental method section, in the
calculations of the viscoelastic contribution, the non-linear beha-
viour of the rubber is taken into account by measuring the large-
strain viscoelastic modulus of the rubbers. However, the extra-
polation of the modulus at high frequencies (see Fig. 3), introduces
an uncertainty to the theoretical predictions at very high velo-
cities. The predictions of the theory are shown in Fig. 5 for the two
different extrapolation methods at two different measurement
temperatures. At room temperature and low sliding velocities
(vo10�2 m/s), the extrapolated region of the viscoelastic mod-
ulus does not play a significant role in the theoretical calculations.
At high sliding velocities where the heating effects are important,
the calculated viscoelastic friction could fairly well reproduce the
results of the experiments. However, looking at Fig. 5(b), with the
decrease in temperature and accompanied shift of the viscoelastic
modulus master curve to lower frequencies, the uncertain region
of the E-modulus becomes very important for the velocity ranges
that we measured the friction data. Therefore, in the future, there
is a clear need for a better method of obtaining the large-strain
viscoelastic behaviour of the filled rubbers. In this study, we used
an extrapolated upwards technique for the unknown region of the
viscoelastic modulus [29].
4. Effect of temperature on the friction coefficient at high
sliding velocities

Using the linear friction tester [28], we measured the friction
coefficients of the two rubber compounds at three temperatures.
The results of the experiments and the theoretical predictions (for
the viscoelastic contributions) are presented in Fig. 6. Looking at
the experimental data, the behaviour of the two compounds ex-
hibited different temperature variations. For the compound S,
which is a typical summer compound, each 15 °C reduction in
temperature shifted the friction-velocity curve by almost one
decade in velocity, while only a slight shift was noticed for the
winter compound (compound W). Before looking at the theore-
tical predictions for the two compounds, we need to bear in mind
that we measured the friction data at such high velocities that the
heating effects become important and that there are uncertainties
in the theoretical predictions, in particular at low temperatures,
due to uncertainty in the large-strain viscoelastic modulus (see
Section 3). Nevertheless, the peak in the calculated viscoelastic



Fig. 6. The measured friction coefficients (markers) and the calculated viscoelastic
contribution to the friction coefficient (lines) as a function of sliding velocity for
compound (a) S and (b) W, on substrate C3 at different temperatures. The dashed
lines are the results for the velocity ranges where the frictional heating is
important.
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contribution in Fig. 6(a), also shifted by almost one decade in ve-
locity with the decrease in temperatures, in good agreement with
the experimental results. Despite the fact that an exact quantita-
tive comparison between the experiments and theory is not fea-
sible, the theoretical predictions clarify that the observed phe-
nomena depends on the temperature in a similar way as the bulk
viscoelastic modulus. Similar observations are also true for the
compound W in Fig. 6(b). All the experimental results have shown
a peak close to the velocity of 10�2 m/s, where the effect of flash
temperatures cannot be neglected. From Fig. 6(a), an order inver-
sion was seen between the measured and the predicted viscoe-
lastic friction for the temperature �10 °C. The calculations pre-
sented here only include the flash temperature. However, the cu-
mulative effect of the flash temperature will result in a gradual
heating up of the rubber block that would tend to reduce the
friction in the studied velocity interval. This effect is strongest for
the lowest temperature case (because it exhibits the highest vis-
coelastic friction). At the same time, there will be a contribution to
the friction from shearing the area of real contact, but this con-
tribution shifts to lower velocities as the temperature is reduced. A
combination of both effects may explain the observed order dif-
ference. Alternatively, the procedure we use to determine the cut-
off q1 is not exact and may result in the observed discrepancy
between calculated and measured results. We again note that the
extrapolation of the viscoelastic modulus at high frequencies also
introduces an uncertainty to the theoretical predictions, in parti-
cular, at low temperatures (see Fig. 5(b)).
5. Rubber friction on substrates with different macro-texture

We have measured the rubber friction coefficients on the 3D-
printed samples having different macro-texture, for the two rub-
ber compounds (S and W) with distinct viscoelastic behaviour. For
the summer compound S, sometimes a difference as large as 0.2 in
the friction coefficient was observed between the samples with
the highest and lowest macro-texture (samples C1 and C3). This
was in contrast to the experiments done on the winter compound
(not shown), were no significant influence of the macro-texture
was noticed. Due to the coarse texture of the C2 and C3 samples,
we found it very difficult to get stable friction coefficients using
the Leonardo da Vinci setup. Thus, only the results of the high-
velocity experiments are reported here. The results of the ex-
periments on the 3D-printed samples using the summer com-
pound are presented in Fig. 7 (the markers). The figure shows that
decreasing the roll-off wave vector qr (i.e. increasing the macro-
texture) reduces the friction. Comparing Fig. 7(a) and (b), the effect
of macro-roughness was slightly higher in wet conditions. Al-
though the effect of wet surface condition was not so large, we
note that for smoother surfaces one usually observes bigger in-
fluence of water on the friction, in particular, for the higher sliding
speeds (around 1 m s�1).

Fig. 7 shows that the largest impact of the macro-texture oc-
curred in the dry experiments at þ5 °C (Fig. 7(c)). In Section 4, the
theoretical predictions were shown for the summer compound
(Fig. 6(a)), where the peak of the viscoelastic friction at þ5 °C
covers most of the measurement velocities compared to the room
temperature experiments. This suggests that macro-texture im-
pacts are more pronounced when the hysteresis contribution (and
frictional heating) are dominant. Any final conclusion on how the
macro-texture effects the flash temperature requires accurate
measurements (with high spatial resolution) of the rubber tem-
perature during sliding, which is challenging [8,30,31].

In Fig. 7, for the experiments at dry surface conditions, the
results of the theoretical predictions (with the flash temperature
included) are also presented for the temperatures þ18 °C and
þ5 °C. From the predictions (Fig. 7(a) and (c)), the sample with the
lowest macro-texture showed the highest viscoelastic friction in
the velocity range of the measurements. At �10 °C, the theoretical
predictions are not accurate due to the uncertain region of the
E-modulus. This region becomes very important at low tempera-
tures (see Fig. 5(b)) and needs to be extrapolated for the fre-
quencies where the non-linear modulus has not been measured.
When calculating the viscoelastic friction, not only the substrates
had different macro-texture, but also the large wavenumber cut-
off q1 of the substrates were different (see Section 2), as the pro-
cedure to determine the cut-off q1 is not exact. Reducing the cut-
off q1 reduces the viscoelastic friction and tend to shift the vis-
coelastic friction to higher frequencies.

We have measured the surface temperatures of the rubbers
after sliding. The thermal evolution of the rubber surface as the
velocity decreases is shown in Fig. 8. From the high temperature at
the leading edge (see Fig. 8) it can be concluded that the rubber
went through very large deformations at the leading edge. This
non-uniform stress distribution, which was also reported in the
simulation of [18], should be incorporated in the theoretical



Fig. 7. The measured friction coefficients of the 3D-printed samples with different macro-texture at (a) þ18 °C (dry condition) (b) þ18 °C (wet) (c) þ5 °C (dry) and (d)
�10°C (dry) as a function of sliding velocity.

Fig. 8. The thermal evolution at the bottom surface of compound S when sliding on substrate C1, as the velocity decreases at T¼18 °C. The leading edge is located at the right
and the trailing edge at the left of each block.
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models for accurate predictions. Analysis of the temperature
evolution on the bottom surface of the rubber could provide us
with valuable information on the heat transfer mechanism at the
rubber-substrate interface. The thermal images shown in Fig. 8
correspond to the friction data presented in Fig. 7(a) for the C1
substrate. The frictional energy is mainly converted into heat,
partly inside the rubber (which increases the background tem-
perature of rubber [8,30]), and partly through the heat transfer to
the substrate and the surrounding air. From Fig. 7(a), it is clear that
the frictional energy at 10 cm/s is higher than that generated at

=v 1 m/s which was seen as a rise in surface temperature in Fig. 8.
However, at the lower velocity of 1 cm/s, where the frictional
energy is still higher than those at higher velocities, the increase in
the surface temperature was very small, due to heat diffusion.

In the condition of frictional heating, the thermal properties of
counter-surfaces become important. The difference in thermal
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properties between 3D-printed substrates and a real asphalt sur-
face implies different heat diffusion rates during sliding. If the
macro-texture influences rubber friction mainly via frictional
heating and heat diffusion, then similar controlled experiments on
3D-printed samples with different material properties would be
important to judge the importance of the macro-texture in prac-
tical tyre/road applications.
6. Concluding remarks

For the two different rubber compounds, we measured the
rubber friction over six decades in velocity, and observed a
Gaussian-like friction-velocity curve with a peak around 10�2 m/s.
An important source of uncertainty in the predictions of the the-
ory comes from the large-strain behaviour of the filled rubbers at
high frequencies, which is challenging to measure. The predictions
of the theory at very low temperatures were shown to be sensitive
to the extrapolation method used for the unknown part of the
large-strain master curve. Here, it is also appropriate to note the
importance of accurate roughness measurements as an input for
theory. The biggest challenge arises from the cut-off q1, i.e. the
shortest surface roughness wavelength included in the calcula-
tions. So far, q1 is determined by the condition that the rms surface
slope κ equals to 1.3 (including all q0oqoq1). The cut-off q1 may
be determined by bond-breaking processes, which results in a thin
rubber layer (with thickness �1/q1) with different properties than
the bulk rubber. Including all the roughness with qoq1 results in
an apparent relative contact area A/A0 (which depends on the
sliding speed). There will be a contribution to the friction from the
processes taking place in this contact area A, which cannot be
calculated from the viscoelastic contact mechanics theory, but
requires a more microscopic approach, along with the analysis of
the experimental data. We have already learned a lot about this
second contribution (see e.g. [2,14,32]), but more studies of this
topic are needed.

We have focused on the high velocity measurements where
thermal imaging of the rubber surface has shown that frictional
heating is important for v410�3 m/s. Measurements at different
(background) temperatures on the summer compound showed
that the m(v) curve is shifted by about one decade in velocity for
every 15 °C reduction in temperature. The winter compound was
surprisingly insensitive to the temperature variations. The results
of the experiments on the substrates with different macro-texture
showed that the macro-texture in general tends to reduce the
rubber friction. This reduction was sometimes reported to be as
large as 0.2 in the friction coefficients for rubber sliding on the 3D-
printed substrates. Based on the observations, macro-texture ef-
fect seems to be more visible when the hysteresis contribution
along with the frictional heating effects, are dominant
phenomena.
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