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ABSTRACT

We discuss the origin of the static or breakloose friction force and describe a kinetic effect that can manifest itself as an (effective) breakloose
friction force. The kinetic effect is important if the kinetic friction force Fy(v) has a maximum at low sliding speed, say for v = v.. If the
driving speed v is higher than v, the friction force at the onset of slip will first increase rapidly to approximately Fy(v.) and then rapidly
decrease to Fi(v), resulting in an effective breakloose friction force larger than the kinetic friction force. We present experimental results for
sliding friction of a racer rubber tread compound and a passenger car tread compound, which exhibit very different breakloose friction as a
result of this kinetic effect. We show that pre-slip in the contact makes the breakloose friction be less than the product of the true contact
area and static shear stress. For elastically soft materials, in the absence of the kinetic effect described above, this may result in a breakloose
friction force equal to the kinetic friction force. We present experimental results for a passenger car tread compound, which illustrate this
effect.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0266065
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INTRODUCTION

The area of real contact when two elastic solids with random
roughness are squeezed together by a normal force Fy is typically
proportional to the normal force.' ” This proportionality holds even
when adhesion increases the contact area, assuming that the adhe-
sion does not manifest itself as a pull-off force—a condition satisfied
in most practical applications, e.g., negligible adhesion when lift-
ing a bottle from a table.'” When the real contact area remains
proportional to Fy, the sliding friction force is generally also pro-
portional to Fx. In such cases, one defines static and kinetic friction
coefficients (u and g, ), where the force required to initiate slid-
ing (breakloose friction force) equals y Fn, while the friction force
during steady sliding equals g, Fx.

Most physics textbooks introduce the concepts of static and
kinetic friction coefficients without detailed explanation. The kinetic
friction force is defined as the friction force acting on an object
(denoted as a block in the following discussion) during steady

sliding. However, the static friction force depends on multiple fac-
tors, including stationary contact duration, sliding history, and
how the external force is applied to the block. Some of these
aspects were recognized already by friction research pioneers such as
C. A. Coulomb, as described in the book of Dowson. "’

In this Letter, we discuss the origin of static (breakloose) fric-
tion forces'”'* and identify a kinetic effect critically important in
rubber friction. We present experimental results for sliding friction
using a racer tread compound and a passenger car tread com-
pound, which demonstrate significantly different breakloose friction
behavior due to this kinetic effect.

BREAKLOOSE FRICTION FORCE

The breakloose friction force (also called static friction force)
depends on the history of contact between two solids. For example,
the longer one waits in stationary contact, the larger the break-
loose friction force may become due to either a slow increase in the
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contact area or thermally activated (and hence contact time-
dependent) bond formation at the interface. Other processes that
can lower the interfacial free energy and increase the break-
loose friction force, could result from plasticity and viscoelasticity
in the confining walls or structural relaxation of the boundary
lubricant.

The breakloose friction also depends on sliding history prior
to stationary contact.'”” For instance, if a block slides on a sub-
strate, the resulting temperature increase in the block, particularly
near asperity contact regions, may affect the friction force. If the
block motion stops, the temperature distribution in the block (and
substrate asperity contact regions) evolves over time, resulting in a
breakloose friction force that depends on the contact duration. This
effect is particularly significant for rubber materials, where rapid
flash temperature changes can cause substantial friction variations
during non-stationary sliding.

Memory effects in sliding friction are often taken into account
using state variables governed by phenomenological equations of
motion,” * an approach widely adopted in earthquake dynamics
studies.

The breakloose friction force is the maximum in the friction
force before steady sliding and is usually denoted as the static friction
force. However, we do not like the latter notation since most people
associate it with a well-defined quantity (many tables of static fric-
tion coefficients exist), which is not the case since it depends on the
history of the contact, which is usually not. Here, we define the max-
imum static friction force, Fs, as the product of the (static) frictional
shear stress times the contact area. This would be the force needed
to start sliding (again dependent on the history of the contact) if the
solids would be rigid, so all contact regions would break at the same
time.

Strengthening of a contact during stationary contact does not
always produce a breakloose friction force exceeding the kinetic fric-
tion force, in particular for elastically soft materials. We now analyze
this phenomenon with a specific focus on rubber friction.

Consider a “kinetic” frictional shear stress 7y acting on contact
area A between a block and a substrate during sliding. For sim-
plicity, we assume 7 to be velocity-independent (in practice, this
is almost never the case, and for rubber friction, the variation with
sliding speed can be very large). After a stationary contact duration
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ts, the shear stress at the new onset of sliding (sliding initiation)
becomes 75, which we assume is larger than 7y, e.g., due to thermally
activated interfacial bond formation. For this case, the breakloose
friction force Fp is fundamentally dependent on material compliance
and is governed by two length scales:

The first length scale M., represents the sliding distance
required to break asperity contacts (and form new contacts), which
is comparable to their linear dimensions. Actual systems exhibit
asperity size distributions,” *” with shear stress changes occurring
at nanometer displacements. Complete contact renewal requires
displacements comparable to the largest asperity contact regions
(0.1-1 mm for rubber-road interfaces, typically 1-10 ym for other
materials). The second length scale A depends on material elasticity,
nominal contact pressure distribution, and tangential force applica-
tion method. For example, if a rectangular elastic block (height h
and length in the sliding direction L >> h) is loaded with a force on
one side as in Fig. 1(a), we have Aq ~ (75 — 7y )L?/Eh, where E is the
Young’s modulus (see below).

Figure 1 shows the slip initiation during the sliding onset for
three cases. Because of the elasticity of the solid, the slip area (black
regions in Fig. 1) continuously expands until global sliding occurs
across the entire surface. [The case (b) in Fig. 1 is the famous
Cattaneo—Mindlin case, which can be studied analytically with some
simplifying assumptions; see Refs. 28-31]. Assuming that u(x,t) is
the elastic deformation-induced slip at the interface before global
sliding, we have the following:

e Rigid solids show u = 0 at the onset (initiation) of slip and
exhibit simultaneous motion at all interface points

e Deformable solids show increased u with decreasing elastic
modulus, due to the delayed motion propagation from the
force application point

In regions where u > A4p, the contact is (locally) renewed; thus,
the frictional shear stress is equal to the kinetic shear stress 7.
Consequently,

¢ Rigid solids require displacement u > A,p to reach Fy, main-
taining Fp = AT, > Aty = Fx during the onset of sliding
(u =0), ie., the breakloose friction force equals the maxi-
mum static friction force.

FIG. 1. Slip at the onset of sliding in
three different cases [(a)-(c)]. There is a
continuous increase in the area where
slip occurs as the system approaches
the onset of global slip, where the full
contact area is slipping. The frictional
shear stress in the region where the slip
U > Aasp is equal to the kinetic frictional
shear stress 7. Consequently, the
breakloose friction force will be smaller
than Fs=Azrs and will approach
Fy = Aty as the elastic modulus
decreases.
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e Fp < At for deformable solids, approaching Fy = Aty with
decreasing elastic modulus.

The second length scale is non-zero only for deformable solids,
as demonstrated in three examples (a)-(c).

In Fig. 1(a), slip initiates at the tangential force application
point, whereas in (b) and (c), it begins at contact region bound-
aries where contact pressure minimizes. For case (a), we define the
dimensionless parameter

o =

Ael N (7s - Tk)L2 1)
Aasp EhAasp ’

where L is the block length in the slip direction,  is the block height,

and E is the elastic modulus of the block (substrate assumed rigid).

As shown in Ref. 13, Fg ~ At; when a < 1, while Fg ~ F, when

a> 1.

« is the relevant parameter for determining the magnitude of
the breakloose friction force which can be understood from the fol-
lowing qualitative argument. At the onset of full slip, the stress at
the interface between the block and the substrate ranges between 7y
and 7, corresponding to a force between 7 Lw and 7sLw, where
w is the width of the block perpendicular to the sliding direc-
tion. This equals to the backside force Fy = p _hw, where pressure
p, = tL/h (1 < T < 14). Part of this pressure compresses the block in
the sliding direction, creating average displacement u determined by
Ap ~ Ee, with strain € = u/L. This gives u~ LAp/E, and assum-
ing Ap ~ (75 — 7 )L/h, we obtain u ~ (7, — 1) L*/(ER). If u < Aasp,
we expect the breakloose friction force to be Fp ~ A7, while if
U >> dosp, We expect Fp~ Aty. Since o = ufMyp, this yields the
condition described above.

The influence of elasticity on breakloose force decreases
with system size. This follows from (1): maintaining constant
L/h (so the shape of the block remains similar) while reducing the
linear size gives « ~ L. Thus, for sufficiently small L, we have a <« 1
and Fp = 7,4, explaining why small objects exhibit larger breakloose
than kinetic friction, as observed experimentally.'* This is analogous
to the dependence of adhesion on the pull-off force as the system size
decreases. In larger systems, bond breaking between two solids usu-
ally occurs via interfacial crack propagation, whereas in very small
and elastically stiff solids, the bonds break more uniformly at the
interface during normal pull-off.”>*’

In general, at the onset of global slip, the surface displacement
u(x) is non-uniform, either due to how the external force is applied
[case (a)] or due to non-uniform nominal normal contact stress, as
in cases (b) and (c). If the slip u > Aasp Over most of the contact area
at the onset of global slip, one expects Fg ~ Fy, but this is not always
the case due to the following kinetic effect.

Figure 2(a) shows the friction coefficient as a function of the
sliding speed acting on an elastic block, where we assume that the
th (v) curve has a maximum at v = v, with g (vc) = p_. If the block
is stationary for t <0 and the upper surface of the block moves
with velocity v for ¢ > 0, the friction force Fy acting on the block
will rapidly (and monotonically) increase to u, (v)Fx if v < v. [case
(b)], whereas if v > v, the friction force will first increase rapidly
to approximately y_Fx and then decrease rapidly to Fy =y (v )Fn
[case (c)]. For a rigid block, these changes in the friction force
would occur instantaneously (with negligible block displacement),
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FIG. 2. (a) Friction coefficient as a function of sliding speed. The w4, (v) curve
exhibits a maximum at v = vc, where y (vc) = p,. If a rubber block is sta-
tionary for t <0 and the upper surface of the block moves with velocity v for
t > 0, the friction force Fy acting on the block will rapidly (and monotonically)
increase to p, (v)Fy if v < v [case (b)]. However, if v > v, the friction force
will first increase rapidly to approximately 4 Fy and then rapidly decrease to

Fx = py (vp) Fn [case (c)].

but for a block with finite elasticity, the change would occur continu-
ously. However, the transition happens so rapidly that the peak force
appears as a breakloose (or static) friction force. In the first case, the
effective static or breakloose friction force equals the kinetic friction
force, while in the second case, it equals approximately y_Fx.

Note that the breakloose friction equals exactly u_Fx only if the
slip velocity at the interface is uniform when the average velocity
reaches vc. This is not always the case, as different surface regions
may begin to slip at different times. In particular, if v. is very small,
some parts of the interface may move faster than v. when the aver-
age interface speed equals vc. In this case, the effective breakloose
friction force will be less than y_Fx but still greater than the kinetic
friction force Fj.

EXPERIMENTAL RESULTS

We illustrate the discussion above with experimental results for
two types of rubber sliding on concrete surfaces.

For rubber friction on rough surfaces at room temperature,
the friction force typically reaches a maximum at a sliding speed
of ~10 mm s™' for passenger car tires, whereas for racing tires,
this maximum occurs at much lower speeds, around 1 ym/s. The
key reason for this difference is that racing tires are designed to
operate at much higher temperatures—typically around 100 °C or
more—compared to passenger car tires, where the operating tem-
perature is typically around 60 °C. Since the peak in the friction
coefficient shifts with temperature according to the bulk viscoelastic
shift factor ar, the friction coefficient maximum in both cases may
occur at sliding speeds on the order of a few meters per second when
the tires are used at their optimal (design) temperature.
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FIG. 3. Ratio between the tangential (friction) force Fy and the normal force
Fyn =250 N as a function of the sliding distance during oscillatory movement of
rubber blocks for a racing compound (a) and a passenger car compound (b), slid-
ing on concrete surfaces at T = 20 °C. The rubber blocks first move forward at
v =3 mm s~ for 20 cm and then backward at the same velocity, returning to the
starting point. This motion is repeated five times for the racing compound and four
times for the passenger car compound. The rubber blocks are 0.5 cm high with
lateral dimensions of 4 x 4 cm?.

This difference in frictional properties between passenger car
and racing tires is achieved by using rubber compounds with
very different glass transition temperatures (Tg), typically rang-
ing from —40 to —60 °C for passenger car tires and approximately
-15°C or higher for racing tires. [For the compounds in Fig. 3,
Ty = —12°C (racing compound) and —44 °C (passenger car com-
pound); see the Appendix.] A lower Ty (at a fixed temperature)
results in greater polymer chain mobility, meaning a higher slid-
ing speed is required for the pulsating rubber-road asperity contacts
to reach the viscoelastic transition region, where viscoelastic energy
dissipation—and thus friction force—is maximized.

The experimental results were obtained using a linear recip-
rocal friction slider, as described in detail elsewhere.”* The setup
consists of a rubber block (Ay ~ 16 cm®) glued onto an aluminum
plate sample holder, which is connected to a force cell. The rubber
specimen moves vertically with the carriage to adapt to the sub-
strate profile. The normal load is adjustable by adding additional
steel weights on top of the force cell.

The substrate (a concrete block) is fixed to the machine table,
which moves transversely using a servo drive via a gearbox. This
setup allows precise control of the relative velocity between the rub-
ber specimen and the substrate, while the force cell records the
normal and frictional forces.

ARTICLE pubs.aip.org/aipl/jcp

Figure 3(a) shows the ratio of the tangential (friction) force Fx
to the normal force Fy at T = 20 °C as a function of the sliding dis-
tance for a racing compound with Ty = —~12°C. The rubber block
first moves forward at v = 3 mm s~ for 20 cm then reverses direc-
tion at the same velocity, returning to the starting point. This motion
is repeated five times.

Notably, large friction peaks appear when the velocity changes
sign, where the bottom surface of the rubber block undergoes an
abrupt (yet continuous) velocity reversal from v = 3 to =3 mm s™".
This is expected since friction studies show that the racing com-
pound exhibits a maximum friction at v ~ 1 ym/s.

When the peak in the friction coefficient occurs above the slid-
ing speed v, we do not expect a friction peak upon velocity reversal.
To illustrate this case, Fig. 3(b) presents the friction force for a rub-
ber block of a passenger car tire (with a glass transition temperature
Ty = =50 °C). In this case, no friction peak is observed during veloc-
ity reversal. In addition, the breakloose friction force is equal to the
kinetic friction force, i.e., Fg = Fy. This is due to the low elastic mod-
ulus of the rubber: at the onset of global slip, most of the contact
area has moved sufficiently to reduce the frictional shear stress from
Ts tO Tk

For the racing compound, the breakloose friction force is larger
than the peak in the friction force observed during velocity reversal.
This may be attributed to a larger real contact area at the initiation of
sliding compared to that during velocity reversal, where the system
spends a very short time near v ~ 0. An increase in the contact area
depending on the stationary contact duration is also expected for the
passenger car compound. However, this effect is not evident in the
friction force curve in Fig. 3(b) for the following reason:

For the passenger car rubber compound, the frictional shear
stress increases with sliding speed. When the velocity reaches the
driving speed of 3 mm s, the bottom surface of the block has
already slipped a sufficient distance to renew the asperity contact
regions, reaching the steady-state sliding contact area. At this slid-
ing speed, the flash temperature effect is negligible, and the rubber
temperature remains constant.

SUMMARY AND CONCLUSION

We have discussed the origin of the static or breakloose fric-
tion force, with a focus on a kinetic effect that plays a crucial role
in friction dynamics, particularly in rubber friction, such as in tires
or the breakloose friction force of rubber stoppers in syringes. If the
friction force as a function of sliding speed exhibits a maximum at
velocities much lower than those of practical interest, this maximum
can result in an effective breakloose friction force and a peak in the
friction force whenever the sliding velocity changes sign.

This effect is particularly relevant for tire dynamics simulations
and can, in some cases, simplify such simulations if vc is suffi-
ciently small, so that slip at velocities below v, can be neglected.
For example, when a tire operates at small slip, the tread blocks ini-
tially deform elastically with negligible slip until the force reaches
the friction maximum (at v = v.), after which rapid slip occurs.”>*°
In this case, the maximum of y (v) effectively acts as a static fric-
tion coefficient, determining the boundary in the tire-road footprint
that separates tread blocks experiencing negligible slip from those
undergoing rapid sliding.
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APPENDIX: VISCOELASTIC MODULUS AND RUBBER
FRICTION MASTER CURVES

We have measured the viscoelastic modulus of the racing and
passenger car compounds in elongation mode for the strain ampli-
tude 4 x 10™* (or 0.04% strain).”” At this small strain, we probe the
linear response properties of the rubber. Figure 4 shows the temper-
ature dependence of the modulus for the frequency wy = 0.01 s™".
We define the glass transition temperature as the temperature where
ImE/ReE is maximal, which gives Ty = —44 and —-12°C for the
passenger car and racing tire compounds, respectively. We have

ARTICLE pubs.aip.org/aipl/jcp
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FIG. 4. Temperature dependency of ImE /Re E for the frequency w = 0.011/s. The
viscoelastic modulus E(w, T) was measured at a very low strain, so the stress is
proportional to the strain (linear response).

found in the past that using the reference frequency wy = 0.01 s~

when defining Ty gives glass transition temperatures close to what is
obtained from standard thermodynamic methods.

The friction results were obtained using the low-temperature
linear friction described elsewhere.”® With this setup, we can change
the temperature from —40 to 20°C and the sliding speed from
1 um/s to 1 cm s~'. All measurements were performed on concrete
surfaces of the same type as used in earlier studies. The rubber sur-
faces were cleaned with warm water and soft brush. During run-in,
a thin rubber surface layer is removed. After the sliding act reported
in Fig. 3, the surfaces of both the racer compound and the passenger
car compound appear relatively smooth, i.e., no big damaged areas
occur on the surfaces. This is consistent with Fig. 3, which shows
that the forward-backward sliding cycles result in nearly the same
time-dependent friction force for the first sliding cycle as for the last
cycle. The concrete substrate has much higher roughness than the
rubber surfaces, and we believe that this is much more important for

2
5 racing compound friction
T=20°C mastercurve for T=20°C
u AN
‘l -
~—_~ -
0

75 -3 -1 1 35 7 9 11 13
l0g;o v (m/s)

FIG. 5. Sliding friction master curve for the racing compound. The friction velocity
segments were measured for temperatures between —40 and 20 °C and shifted
along the velocity axis using the viscoelastic shift factor ar obtained when cal-
culating the viscoelastic master curve E(w, To). The reference temperature is
To =20°C.
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the friction force than the (sliding induced) roughness on the rubber
surfaces. Some contamination (darken sliding track) of the con-
crete surfaces can be observed after the sliding acts shown in Fig. 3
and may be the reason for the slight reduction in the friction force
for the racer compound between the first and the last sliding cycle
(each sliding cycle is over the same concrete surface area).

From measurements performed at different temperatures and
for the velocity interval from 3 ym/s to 1 cm s™*, we can construct
friction master curves. For passenger car tires, the master curves
at room temperature have maximum typically in the range from
0.1 to 10 cm s~ %, but for racing compounds, the maximum occurs
at much lower sliding speeds for the reason discussed in the text.

Figure 5 shows the sliding friction master curve for the rac-
ing compound. The friction velocity segments were measured for
temperatures between —40 and 20 °C and shifted along the velocity
axis using the viscoelastic shift factor ar obtained when calculating
the viscoelastic master curve E(w, To). The reference temperature
To = 20 °C. The master curve has a maximum below the lowest mea-
sured sliding speed 3 um/s. Using the bulk shift factor ar, the master
curve shifts to higher speeds with ~6 velocity decades at T = 85°C
and by ~7 velocity decades at T = 105 °C, resulting in a maximum
in the friction in the velocity range (1-10 m/s) of most interest for
racing.
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