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Abstract: We study the friction when a rectangular tire tread rubber block is sliding on an ice surface at different 

temperatures ranging from −38 to −2 °C, and sliding speeds ranging from 3 μm/s to 1 cm/s. At low temperatures 

and low sliding speeds we propose that an important contribution to the friction force is due to slip between 

the ice surface and ice fragments attached to the rubber surface. At temperatures above −10 °C or for high 

enough sliding speeds, a thin premelted water film occurs on the ice surface and the contribution to the friction 

from shearing the area of real contact is small. In this case the dominant contribution to the friction force comes 

from viscoelastic deformations of the rubber by the ice asperities. We comment on the role of waxing on the 

friction between skis and snow (ice particles). 

 

Keywords: ice friction; rubber friction; ice premelting 

 

 
 

1  Introduction 

Friction on ice is a fascinating topic with a long history 

[1–5]. Pioneering work was done by Faraday [6] more 

than 150 years ago. He brought two ice cubes into 

contact and found that they instantly froze together. 

He concluded that the surface of ice is covered by  

a liquidlike water layer, but a recent study suggest  

a different explanation namely sintering caused by 

sublimation and condensation [7]. Thomson [8] 

suggested that the liquid-like layer is due to pressure 

melting. Pressure melting was often used as an 

explanation for the low friction on ice for the following 

40 years, until Bowden and Hughes [9] suggested that 

frictional heating might result in melting of the ice 

surface, and that this is the main reason for the low 

friction of ice at enough high sliding speed. 

Many crystalline solids exhibit surface premelting, 

where a liquidlike layer forms at the surface before 

the whole body melts [10–13]. In the simplest picture 

this can be explained by the fact that the atoms or 

molecules at the surface of a solid are bound to less 

number of neighbors than those in the bulk and will 

break loose because of thermal fluctuations before 

the whole crystal melt. The low friction of ice can be 

attributed to a combination of frictional heating and 

ice premelting. However, while many experiments have 

shown that the free icevapor interface undergoes 

premelting, starting at least 10 °C below the bulk 

melting temperature [14–16], there are almost no 

experimental studies showing that the same is true at 

the interface between ice and another solid [17]. Thus, 

most of the experimental technique used to study 

the icevapor interface cannot be used to study the 

(buried) interface between ice and another solid. 

It depends on the chemical nature of the solid if a 

liquid-like water film can form between ice and another 

solid [18]. Thus, for very inert (hydrophobic) materials 

such as polytetrafluorethylene (Teflon) or polyethylene 

in contact with ice, a premelted layer may occur below 

the ice melting temperature. For solids with strong 

watersolid interaction, such as (hydrophilic) silica, 
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or some metal oxides, the liquidlike layer may not 

occur, or may occur only in a narrower temperature 

interval close to the ice melting temperature. However, 

there are experimental results indicating that a 

liquidlike layer may occur below the bulk melting 

temperature even for ice in contact with ice if the two 

crystal lattices are incommensurate oriented (e.g., 

rotated). This is also consistent with the fact that many 

crystalline solids start to melt at grain boundaries 

before the whole material melts [19, 20]. Still, the 

frictional shear properties of this liquidlike layer may 

be very different from that occurring at the interface 

between, e.g., Teflon and ice. 

Here we note that two recent studies have proposed 

very different origins of the friction on ice. Reference 

[21] showed the importance of the ploughing 

contribution, while in Ref. [22] it was found that during 

reciprocated sliding on ice a lubricating, viscous 

mixture of liquid water and ice particles dominates 

the frictional behavior. 

Another recent study addressed ice speed skating. 

In Ref. [23] it was shown that the friction between 

the steel skate blade and the ice stems from boundary 

friction, where the temperature of the interface is below 

zero and ice surface molecules exhibit unconventional 

mobility, and hydrodynamic friction where the ice 

melts and a thin water layer between the blade and 

the ice forms. The boundary friction only plays a role 

at the tip of the skate blade over an extremely short 

contact length between the skate blade and the ice, 

and gives a negligible contribution to total friction but 

generates enough heat to melt the ice which allows 

the skater to slide smoothly on a thin layer of melt 

water. 

In this paper, we study the friction between rubber 

and ice. Rubber friction on ice has many applications, 

and is particularly important for understanding the 

grip of tires on icy road surfaces [24–29]. We will show 

that for very low temperatures (T < −15 °C) rubber 

friction on ice gives a velocity and temperature- 

dependent friction coefficient very similar to those of 

ice sliding on ice. We interpret this as due to the slip 

between the ice surface and ice fragments attached 

to the rubber surface. For T > −10 °C, the rubberice 

friction differs drastically from the iceice friction which 

we attribute to two effects, namely the formation of  

a premelted water film and slip at the rubberice 

interface, and to a viscoelastic contribution to the 

friction from the deformations of the rubber surface 

by the ice asperities.  

In general, for sliding speeds above ~0.11 m/s the 

frictional heating is high enough to melt a thin ice 

layer and the friction is determined mainly by fluid 

dynamics at an interface with a complex gap (surface 

separation) determined by the surface roughness.  

In this paper we will focus on low sliding speeds 

(v ≤ 1 cm/s) where the ice does not melt but where ice 

premelting may result in a thin liquidlike film which 

strongly reduce the sliding friction force. We note that 

the nature of the friction force for low sliding speeds 

is very important for tire dynamics as it determines 

the effective static friction force, and hence the line 

separating the region where the tread blocks are  

not sliding (or slide at very low speeds of v < 1 mm/s), 

from the region where they slide (typical slip 

velocity ≈ 1 m/s). 

2 Experimental 

2.1 Low-temperature friction tester  

We have performed ice friction measurements using 

our low-temperature linear friction slider. In this 

set-up the temperature can be changed from room 

temperature down to −40 °C. The rubber is glued on 

the sample holder (aluminum plate) (Fig. 1) which 

gets attached to the force cell. The rubber specimen 

can move with the carriage in the vertical direction to 

adapt to the substrate profile. The normal load can be 

changed by adding steel plates on top of the force cell. 

The substrate sample gets attached to the machine  

 

Fig. 1 Schematic picture of low-temperature friction instrument 
allowing for linear reciprocal motion. 
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table which is moved by a servo drive via a gearbox 

in a translational manner. 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 the friction force. 

To change the temperature, and to avoid (or reduce) 

the condensation of moisture in the atmosphere on the 

rubber and ice surfaces, the whole set-up is placed 

inside a deep freezer. We slide the rubber sample 

over the ice surface with various velocities to gain 

information on the velocity and temperature dependence 

of the friction coefficient. With the current configuration 

it is possible to move the rubber specimen with 

velocities from 1 μm/s to 12.5 mm/s. For increasing 

the temperature after an experiment is finished there 

is a heating system built into the set-up.  

2.2 Ice surface 

The ice surface was produced according to the 

procedure I1 described in Ref. [27]. Thus, distilled 

water was poured into an aluminum box and frozen 

to make a thin ice layer. The thin ice layer was created 

repeatedly to obtain a thick ice substrate without 

(or with reduced) surface unevenness resulting from 

freezing-induced expansion of water (note: Ice has a 

bigger volume than water at 0 °C). In Ref. [27] it was 

shown that the surface roughness power spectrum 

of the ice surface prepared this way is very similar to 

the power spectra obtained from ice surfaces produced 

using other different procedures. We have not studied 

the surface topography of the ice surface used in the 

present study but we assume that it is similar to that 

of the ice surface I1 studied in Ref. [27]. 

The red line in Fig. 2 shows the surface roughness 

power spectrum of the ice surface used in the 

viscoelastic friction calculations. The blue lines are the 

power spectrum of the rubber surface obtained from 

stylus line scans performed at different locations  

on the rubber block. The power spectrum of the ice 

surface is much larger than that of the rubber surface 

and we can neglect the surface roughness on the 

rubber block. In general, roughness on the rubber 

surface affects the area of real contact and the adhesive 

contribution to the friction. However, during steady 

sliding at a constant speed on a smooth counter  

R

 

Fig. 2 Red line is the surface roughness power spectrum of 
the ice surface used in the viscoelastic friction calculations. 
Blue lines are the power spectrum of the rubber surface obtained 
from stylus line scans performed at different locations on the 
rubber block. 

surface there is no viscoelastic contribution to the 

friction from the rubber asperities as there is no time 

dependent deformations of the rubber. 

2.3 Rubber compound 

In the present study we use a rubber compound 

consisting of a blend of natural rubber, butadiene 

rubber and styrenebutadiene rubber with silica 

filler. This is a winter tread compound with the glass 

transition temperature of Tg ≈ −45 °C. The rubber 

block is 1 cm thick, 6 cm wide and 2 cm long in the 

sliding direction. 

The viscoelastic modulus of the rubber was measured 

using dynamical mechanical analysis (DMA) with 

DMA+450 (Metravib). The dynamic moduli is obtained 

for a fixed stress amplitude using the standard 

frequencytemperature shifting procedure, where 

the frequency range between 0.1 and 100 Hz and the 

temperature varied in the range of −50 to 80 °C. Plane 

shear geometry is employed to apply shear deformation 

to two disc shaped-samples, the height and diameter of 

the discs are 1 and 10 mm, respectively. The dynamic 

strain amplitude was 0.1% at low temperatures near Tg 

but increases so that the force range is in the reliable 

value at higher temperatures. 

Figure 3 shows the logarithm of the real part of the 

viscoelastic modulus, and the ratio ImE/ReE between 

the imaginary and the real part of the viscoelastic 

modulus, as a function of the logarithm of the 

frequency.  
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Fig. 3 Logarithm of the real part of the viscoelastic modulus, 
and ImE/ReE as a function of the logarithm of the frequency ( f ).  
The reference temperature is T = 20 °C. 

3 Experimental results 

We present experimental friction results for the nominal  

rubberice contact pressure of p0 = 0.2 MPa, as typical 

for tire applications. The temperature inside the deep 

freezer is varied in steps from −38 to −2 °C. We start 

at the lowest temperature and for each temperature 

we increase the sliding speed in steps, from 3 μm/s up 

to 1 cm/s. For the two lowest sliding speeds (3 and 

10 μm/s) we slide 2 cm on the ice surface and for  

the six highest speeds (30, 100, and 300 μm/s; 1, 3, 

and 10 mm/s) we slide 4 cm so total 28 cm sliding 

distance. The friction coefficients reported below are 

averages of Fx/Fz over the sliding distance (2 or 4 cm) 

for each velocity. 

Figure 4 shows the measured rubberice friction 

coefficient as a function of the logarithm of the sliding 

speed for several temperatures indicated. For each 

temperature we slide on the same ice surface track.  

 

Fig. 4 Measured rubberice friction coefficient as a function of 
the logarithm of the sliding speed (v) for several temperatures 
indicated. The nominal contact pressure is p = 0.2 MPa. 

Thus, the first data (at −38 °C) may be influenced by 

run-in of the ice surface where some of the ice asperities 

are smoothed by plastic deformation and wear. 

4 Analysis of experimental data and 

discussion 

There are two contributions to the rubber friction on 

ice, namely a contribution from shearing the area of 

real contact and a contribution from the viscoelastic 

deformations of the rubber surface by the ice asperities. 

In Ref. [27] we studied the viscoelastic contribution 

(μvisc) to the friction, and we will use the same theory 

in the present case (also in Ref. [30]). The calculations of 

μvisc enter the viscoelastic modulus E(ω) of the rubber 

compound, and the ice surface roughness power 

spectrum C(q). We assume that the latter is similar to 

that of the ice surface I1 studied in Ref. [27]; the 

power spectra used in the calculations below are 

given by the red line in Fig. 2. In Ref. [27] the large 

wavenumber cut-off q1, which determines the shortest 

wavelength roughness included when calculating μvisc, 

was determined so that the rubberice maximum 

contact stress is given by the plastic yield properties 

of the ice. However, in the present case, including 

the roughness over all the length scales studied in 

Ref. [27] (q < 106 m−1), results in contact stresses (see 

Fig. 5) below the ice penetration hardness (which 

depends on the temperature and the indentation 

speed). In what follows we use q1 = 106 m−1 for all 

temperatures and sliding speeds. The exact origin and 

magnitude of the cut-off q1 in the present case is not  

 

Fig. 5 Calculated contact stress as a function of the logarithm 
of the sliding speed (v) for T = −30 and −5.4 °C assuming that the 
rubber is sliding on a rigid surface with the power spectrum shown 
by the red line in Fig. 2. 
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known to us but using a larger wavenumber cut-off 

would result in a friction coefficient (for the largest 

sliding speed) which is larger than observed. 

In Fig. 6 we show the measured friction coefficient 

as a function of the logarithm of the sliding speed at 

T = −30 and −5.4 °C (from Fig. 4), and the calculated 

viscoelastic contribution (solid lines) for the same 

temperatures①. The rubber viscoelastic modulus was 

not measured to low enough frequencies to obtain 

the friction for T = −5.4 °C for the three lowest 

experimental velocity data points. Figure 6 shows 

that for T = −5.4 °C the viscoelastic contribution 

alone gives nearly the full experimentally measured 

friction, i.e., the contribution from the area of real 

contact must be very small. This is the expected result 

if a thin premelted liquidlike water film occurs in 

the area of real contact. At T = −30 °C the viscoelastic 

contribution can explain the measured data only for 

the highest sliding speed. At high sliding speeds, 

frictional heating is important which may result in 

a premelted surface layer which gives a negligible 

contribution to the friction. However, for low sliding 

speeds the measured friction is much larger than the 

viscoelastic contribution. This implies that there must 

be a contribution from the area of real contact, and 

that no liquidlike film occurs in the rubberice contact  

E  

F

 

Fig. 6 Measured friction coefficient as a function of the logarithm 
of the sliding speed (v) for T = −30 and −5.4 °C (from Fig. 4) and 
the calculated viscoelastic contribution (solid lines) for the same 
temperatures. The nominal contact pressure is p = 0.2 MPa. 

                                                        
① In Ref. [31] the theory presented in Ref. [32] and used above was 
compared to (viscoelastic) boundary element calculations, and it was found  
that the theory may overestimate the viscoelastic contribution at high 
velocities, where the contact area is small. However, similar simulations 
presented in Ref. [30] gave results in good agreement with the theory for 
all sliding speeds. 

regions in this case. We will now discuss the physical 

origin of the area of real contact contribution to the 

friction force for low temperatures and low sliding 

speeds. 

Figure 7 shows the measured iceice friction 

coefficient as a function of the sliding speed for several 

temperatures indicated. Note that at T = −40 and −30 °C 

at low sliding speeds the magnitude and velocity 

dependence of the iceice friction coefficient is very 

similar to what we observe for the rubberice friction. 

Hence, we propose that for low temperatures ice 

fragments attach to the rubber surface and that the 

slip occurs at the interface between the ice fragments 

and the ice surface. These ice fragments may result 

from ice wear processes or from frost crystals formed 

on the rubber and ice surfaces before start of sliding. 

We note that in our low-temperature set-up we first  

 

Fig. 7 Measured iceice friction coefficient as a function of 
the sliding speed for several temperatures indicated. The nominal 
contact pressure is p = 0.02 MPa. Reproduced with permission 
from Ref. [33], © Taylor & Francis Ltd 2000. 
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cool down the system to −40 °C (which takes several 

hours) without the rubber in contact with the ice. 

After we open the deep freeze and lower the rubber 

to the ice surface. This act takes ~10 s and may result 

in humid air flowing to the ice and rubber surfaces 

where it could form loosely bound ice structures 

(frost). This is also consistent with observations of 

Roberts [24] who found that rubber friction on frosty 

ice is much smaller than that on polished ice. He 

found that the friction coefficient on polished ice at  

v = 10 mm/s was about ~1.8 but only ~0.5 on the same 

ice covered with hoar frost, which is similar to what 

we observe when v = 10 mm/s and T < −20 °C. He also 

observed that at −30 °C a polished ice track would 

remain so only for a few hours, despite being in a 

closed deep freeze cabinet. This may be a result of ice 

sublimation and formation of small frost crystals, 

and is likely to occur in our experimental set-up, too. 

At T > −10 °C the magnitude and the velocity 

dependence are completely different for the iceice 

contact as compared to the icerubber contact. For 

the iceice contact, the friction decreases drastically 

with the increasing sliding speed. We have shown  

in Ref. [34] that this can be explained by premelting 

of the ice surface occurring as a result of frictional 

heating. However, at low sliding speeds, frictional 

heating is negligible and in this case even at T = −3 °C 

there is no premelted liquidlike film at the iceice 

interface and the sliding friction coefficient is very 

large (Fig. 7(top) for v = 10−5 m/s). We propose that a 

premelted film occurs at the rubberice interface for 

any temperature above −10 °C, and that the observed 

sliding friction for these temperatures is mainly due 

to the viscoelastic contribution, which increases with 

the increasing sliding speed, as does the measured 

friction. 

Direct observation of the influence of premelting at 

the rubberice contact for T > −10 °C was presented by 

Roberts [24] and Orndorf et al. [17], who observed very 

different types of adhesion between rubber balls and 

ice above and below ~−10 °C. In these studies it was also 

observed that after some minutes waiting time in lightly 

loaded static contact at T = −10 °C the rubber sphere 

made a circular mark in the ice indicating a continuous 

flow of water away from the contact during stationary 

contact. The same effect was not observed at T = −20 °C. 

Experiments have shown that rubber may adhere 

strongly to smooth (polished) ice surfaces (as strong 

as to silica glass) and that the friction coefficient 

between rubber and polished ice surfaces may be 

very large (of order 2) for low sliding speeds and low 

temperatures (T < −10 °C, but T > Tg) [24, 25]. Thus, we 

expect that the velocity and temperature dependence 

of the rubber friction on ice will look qualitatively 

like that in Fig. 4 also when there are no ice fragments 

at the icerubber interface. 

In order for ice fragments to be attached to the rubber 

surface and slide on the ice surface the icerubber 

friction must be larger than the iceice friction. This 

is supported by experimental data for smooth ice 

surfaces without frost crystals which show very high 

rubber friction (typically maximum around ~2). In 

addition, the friction we observe is of similar 

magnitude as the iceice friction (Figs. 4 and 7) so if 

our interpretation would be incorrect and the rubber 

would slide on the ice surface and then our result 

shows that the icerubber and iceice friction coefficients 

are of similar magnitude. So the icerubber friction 

cannot be smaller than the iceice friction. 

Hemette et al. [35] have performed rubberice 

friction measurements on very smooth ice surfaces for 

temperatures between −20 and −2.5 °C. As a function 

of the logarithm of the sliding speed, they observed a 

Gaussian-like friction coefficient curve centered at v ≈ 

10 mm/s with a maximum which decreased from   

~2 at −20 °C to 0.2 at −2.5 °C. This differs from our 

study where the maximum of the friction at low 

temperatures is for v ≈ 0.1 mm/s. This difference is 

consistent with the assumption that in our study, the 

friction at low temperatures is due to ice sliding on 

ice while in the study of Hemette et al. [35] no frost 

crystals or ice wear particles occurred at the sliding 

interface. 

Very different velocity and temperature dependence 

of the friction from what we found above have been 

observed for some non-rubber material sliding on ice. 

Thus, in Ref. [21] silicon carbide and steel balls was 

slid on ice. At the sliding speed of 0.38 mm/s and the 

temperature of T = −32 °C, the friction coefficient μ 

is about 0.1, to be compared to μ ≈ 0.8 found in 

our study. For temperatures close to the ice melting 

temperature (T = −2 °C) we find μ ≈ 0.15 while in  
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Ref. [21] the friction coefficient for a silicon carbide 

sphere first decreased to a very low value of ~0.02 at 

T = −8 °C, and then increased a lot on approaching the 

bulk ice melting temperature, which was interpreted 

in Ref. [21] as due to plowing. Clearly, the friction 

mechanism for rubber on ice must be very different 

from that for the systems studied in Ref. [21]. 

Finally, let us comment on skiwaxing. This is   

a very controversial topic and not well understood 

[36–39]. A related topic is the use of wax (and other 

hydrophobic coatings) on glass windows of cars to 

more easily remove rain drops [40, 41]. It is well 

known that on clean wet glass (which is hydrophilic) 

the rubberglass friction is very low when the water 

film is thick enough as expected when the sliding speeds 

are high enough, but as the water film dries up the 

friction increases and reaches a maximum when a 

small amount (nanometer thickness) of water still 

remains on the glass surface [42]. This can be explained 

by capillary attraction which pulls the two surfaces 

together and increases the normal force and the 

friction [42–44] (note: Capillary attraction, due to the 

Laplace pressure, gets bigger, the thinner the water 

film). In addition the capillary bridges may “tilt” due 

to contact angle hysteresis which would contribute  

to a tangential (friction) force [39]. For a ski with a 

hydrophilic surface, such as a clean wood ski, the same 

effect could occur in some sliding velocity ranges 

where the water film is very thin.  

On the wax-coated glass surface we expect smaller 

capillary adhesion friction than that for clean wood 

surface because the water contact angle is much larger 

on the wax-coated surface. At the high sliding speed 

in downhill skiing and also in cross country skiing 

(except when uphills) the sliding speed is so high as 

to generate a meltwater film at the iceski interface. 

However, because of the small size of ice particles 

(or snow flakes) the contact region between an ice 

particle and a ski is very small which favors quick 

removal of the melt water, and it may be that there 

will never be a thick water film in the ice–ski contact 

regions even at relative high sliding speeds. In this 

case for a strongly hydrophilic interface (as for clean 

wood skis) the capillary adhesion effect may be 

important and result in higher friction than that for 

the wax-coated wood skis where the capillary adhesion 

is much smaller. 

For a rubber wiper blade on a wet wax-coated glass 

surface it is found that the friction for low sliding 

speeds is much higher than that for the clean wet 

glass surface [45, 46]. This is due to the fact that the 

water gets expelled from the rubberglass contact area 

on the hydrophobic glass surface resulting in dry 

contact and high friction. We note that a just ~10 nm 

thick water film results in a very low viscous shear 

stress even at a relative high sliding speed like 1 m/s 

typically involved in wiper blade applications. While 

the wax-coated wood ski is hydrophobic (water contact 

angle is larger than 90°) the icewax interface is still 

hydrophilic (because of the low contact angle for 

water on ice), but the surface free energy reduction 

on forming capillary bridges is much smaller than 

that on the icewood interface, which will result in 

easier squeeze-out of the water film from the icewax 

interface. This higher friction expected for low sliding 

speeds for the wax-coated wood could be useful 

when moving uphill in cross country skiing. Also, for 

hydrophilic skis, snow could adhere to the skis during 

the uphill movement which would generate problems 

when entering a more horizontal or downhill part of 

the track. 

5 Summary and conclusions 

Figure 8 summarizes the proposed picture resulting 

from the study presented above. Figure 8(a) illustrates 

that when a rubber block is sliding on an ice surface 

for T > −10 °C a thin liquidlike film of premelted ice 

occurs at the interface between the rubber and the ice 

surface. Shearing the liquidlike film results in negligible 

contribution to the friction force which is hence 

mainly due to viscoelastic deformations of the rubber 

by the ice asperities. 

However, at T < −15 °C and low enough sliding 

speeds, there is no premelted liquidlike film at the 

icerubber interface. In this case the friction force is 

mainly due to shearing of the contact area between the 

ice block and ice fragments adhering to the rubber 

surface (Fig. 8(b)), and to viscoelastic deformations of 

the rubber by the ice asperities. For temperatures below 

the Tg of the rubber the viscoelastic contribution will 

also be negligible.  
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Fig. 8 (a) When a rubber block is sliding on an ice surface for  
T > −10 °C a thin liquidlike film of premelted ice occurs at the 
interface between the rubber and the ice surface. (b) For T < −15 °C 
there is no premelted liquidlike film at the icerubber interface, 
but we propose that ice fragments adhering to the rubber surface 
and that slip occur between the ice fragments and the ice surface. 
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