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Abstract

This study investigates the reciprocating motion of a rigid Hertzian indenter on
a viscoelastic substrate with adhesion, using a finite element-based numerical
model. An innovative methodology is employed to transform the sliding con-
tact problem into an equivalent normal contact problem, enabling the accurate
simulation of adhesion effects at the contact interface.

The results reveal that system behaviour is governed by the interplay between
viscoelasticity and adhesion, leading to notable changes in contact pressure dis-
tribution, contact area, and energy dissipation during reciprocating motion.
Specifically, viscous dissipation within the substrate material dominates at inter-
mediate sliding speeds, where the interaction between adhesion and viscoelastic
relaxation processes results in pronounced hysteresis cycles. In contrast, at low
and high sliding speeds (corresponding to the rubbery and glassy regions, respec-
tively), the material behaviour is predominantly elastic, and no hysteresis is
observed.

Adhesion influences contact pressure distribution and contact size, particularly
in the transition regime, where its effects on viscous dissipation are measurable.
Moreover, the study clarifies that adhesion alone does not induce hysteresis in
elastic regimes, distinguishing reciprocating contact from normal contact, where
adhesive hysteresis is typically observed. New insights are also provided into how
adhesion and viscoelasticity jointly impact tribological performance, offering a
deeper understanding of energy dissipation mechanisms and contact mechanics
during motion reversal.

Interestingly, our results also show that there is a lag period after motion reversal
where friction aligns with motion direction before eventually changing direction
as pressure redistribution occurs within the system. This phenomenon highlights



how changes in contact mechanics affect local tribological interactions and can
lead to variations in overall system response.

Keywords: Viscoelasticity, Finite Element Method, Energy loss, Friction coefficient,
Reciprocating tangential contact

1 Introduction

Reciprocating tangential contact between a rigid indenter and a viscoelastic substrate
is a topic of significant practical interest. This scenario arises in numerous engineering
applications where the direction of motion periodically reverses. A prominent example
at the macroscopic scale is the use of viscoelastic dampers in civil constructions. These
devices exploit the hysteretic energy dissipation caused by the cyclic deformation of
the bulk viscoelastic material to absorb the energy released during earthquake and
wind induced motion [1, 2]. Cyclic motion is prevalent also in mechanical engineering
applications where viscoelastic components are employed, like tires [3], seals [4, 5], and
soft bearings [6]. Reciprocating contacts extend beyond the macroscopic world and
are also observed at micro and nanoscales. Examples include microelectromechanical
systems (MEMS) [7] where tiny components undergo repeated sliding motions, and
even within biological systems at the cellular level [8].

For micro and nanoscale contacts [9] (when the contacting bodies have a high
surface area-to-volume ratio) and/or for compliant soft materials [10] (like rubber and
silicones), adhesion becomes a critical factor in contact mechanics. In these scenarios,
the interplay between viscoelasticity and adhesion can significantly influence tangential
motion [11]. This combined effect can impact the overall performance (e.g., efficiency,
functionality) and durability (e.g., wear resistance, fatigue life) of adhesive systems
[12, 13].

The first scientific studies explored the dynamics of sliding contacts without adhe-
sion. For instance, Hunter [14] provided the first methodology to study the rolling
contact of a cylinder with a viscoelastic material, highlighting the importance of
considering time-dependent material properties, particularly in systems subjected to
repetitive loading and unloading cycles. Even before the work of Hunter, Tabor [15]
intuited that interfacial micro-slip related to the coulomb friction component are only
partially responsible of the rolling friction, identifying the hysteresis losses in the bulk
of material as the main reason for rolling resistance. After, Goriacheva [16] proposed a
theoretical model to investigate the 1D+1D rolling between viscoelastic bodies, based
on the identification of two zones in the contact length: the sticking and slipping zones.
Further recent studies (see, for example, [17-19]), have highlighted the crucial role of
material dissipation in originating rolling resistance.

However, in such studies it is not simple distinguishing the contribution of the
material dissipation from that of the Coulomb friction. For this reason, many recent
studies have addressed the problem by neglecting Coulomb friction at the interface.
For example, Menga at al. [20, 21| investigated the sliding contact between a rigid



sinusoidal surface and a viscoelastic substrate, finding that a transition from full con-
tact to partial contact can occur depending on the sliding velocity and remote applied
load. This is due to the viscoelastic stiffening of the material and the periodicity of
the contacts.

Putignano et al. [22] and Afferrante et al. [23] demonstrated, through numerical
and theoretical models, that viscoelasticity induces also anisotropy in contact of rough
surfaces. Additionally, the non-symmetric distribution of the normal contact pressure
results in a force perpendicular to the sliding direction, which, however, does not
dissipate energy.

Recent studies have utilized numerical methods to simulate the effects of vis-
coelasticity in reciprocating sliding contacts. For example, Putignano et al. [24], and
Putignano and Carbone [25, 26] have demonstrated that the contact area is signifi-
cantly influenced by the indenter’s position and by the speed, with tangential forces
exhibiting a complex hysteretic cycle. The roughness scales play a crucial role in vis-
coelastic dissipation. Similarly, Putignano [27] has provided insights into the periodic
nature of viscoelastic contacts, elucidating that for reciprocating sliding of a sinusoidal
punch on a viscoelastic surface, sliding velocity influences energy dissipation, and high
velocities can lead to loss of contact during the return phase.

The aforementioned studies have focused on sliding/reciprocating contact with-
out considering interfacial adhesion. However, macroscopic adhesion is frequently
observed in soft materials [28-30]. Grosch [31], through his experiments conducted in
1963, already hypothesized the importance of adhesion in addition to the deforma-
tion losses. In soft contacts, compliant materials like rubber and silicones may exhibit
short-range adhesion. This type of adhesion is characterized by strong interactions
confined within the contact area, leading to significant deformation of the contacting
surfaces [10]. In contrast, stiff materials exhibit long-range adhesion [32], as seen in
micro-electromechanical systems (MEMS) [9]. Here, adhesive forces act beyond the
immediate contact region, with the primary source of deformation arising from the
repulsive component of interfacial pressure [33, 34]. In the framework of Hertzian con-
tacts, the transition between long-range and short-range adhesion is governed by the
so-called Tabor parameter [35], which depends on geometrical and material properties.

Recent studies have primarily focused on normal adhesive contact [11, 36-39],
where viscoelasticity introduces rate effects leading to an ”effective surface energy”.
Afferrante & Violano [37] demonstrated that this energy, representing the work
required to separate the bodies, monotonically increases with contact line speed for ini-
tially relaxed materials. However, for unrelaxed materials, the effective surface energy
exhibits a maximum at intermediate contact line velocities, highlighting a transition
zone dominated by viscous dissipation.

Despite boundary element method (BEM) based approaches have been devel-
oped to study tangential adhesive contacts under steady-state sliding [11, 40, 41],
no research has investigated reciprocating tangential contact with both adhesion
and viscoelasticity. This gap in knowledge represents an opportunity for further
exploration.



Building upon our prior work [42], which introduced a novel Finite Element (FE)
method for simulating the adhesive tangential contact of a rigid indenter on a viscoelas-
tic substrate, this study explores reciprocating contact with adhesion. Our results
demonstrate that both adhesion and viscoelasticity play a role in governing the sys-
tem’s behaviour. However, interestingly, only viscoelasticity contributes to energy
dissipation within a reciprocating cycle. Notably, upon reversal of motion, the fric-
tion force initially aligns with the new sliding direction until the interfacial pressure
redistributes within the contact region.

2 Formulation

To simulate the line contact problem of a Hertzian rigid profile in reciprocating motion
on a viscoelastic substrate, we adopt the numerical model developed in Ref. [42], where
the sliding contact in presence of adhesion is solved with the aid of the finite element-
based methodology originally developed by Afferrante and Violano [37]. The geometry
of the problem is illustrated in Fig. 1a.

rigid indenter b

‘actual’ nodal applied nodal
displacement displacement

Fig. 1 a) A rigid Hertzian indenter of radius R is in reciprocating tangential contact with a viscoelas-
tic substrate at fixed sliding speed. b) A schematical representation of the methodology adopted to
move horizontally the rigid indenter. The tangential displacement is simulated by moving the nodes
of the indenter in the vertical direction. Red arrows denote the tangential uniform displacement of
the indenter nodes, which is generated by moving the nodes in vertical direction consistently with
the blue arrows shown in the picture.

The substrate material is modelled using a standard linear solid model with one
relaxation time, 7 = 10~%s, and a ratio of low- to high-frequency modulus, Ey/Es, =
0.1. The relaxation function is derived based on the Maxwell scheme representation
[43], which consists of a spring (Ep) in parallel with a dashpot ((Ey — E)/T), both
arranged in series with another spring (Ey — E ). This representation describes the
frequency-dependent behaviour of the modulus, characterized by a transition from the
low-frequency modulus (Fp) to the high-frequency modulus (E,) as the frequency
(w) increases. Specifically, the dynamic modulus F(w) in the Maxwell model evolves
with the frequency as
EO - Eoo

E(w):EOO+m

(1)



where 7 is the imaginary unit. This relationship and its implications for the material
response are well-documented in the literature, as discussed, for example, in Ref. [37].
Surface interactions are instead modelled using Derjaguin’s approximation [44],
applying a traction-gap relationship derived from the Lennard-Jones potential,
pLy = —&—

216 -6)]

where ¢ is the local separation between the surfaces, € is the equilibrium distance
under zero applied load [45], and A~ is the surface energy of adhesion.

As described in Ref. [42], the problem is solved first approaching the rigid inden-
ter to the substrate up to a fixed penetration §. Then, the substrate is subjected to
the total force generated at the end of the vertical approach and its nodes are con-
veniently moved in vertical direction to simulate the interfacial sliding (see Fig. 1b).
Once steady state is reached, the motion is periodically reversed, as shown in Fig.
la. In our simulations, we have deliberately assumed quasi-static solutions, neglecting
inertial effects and dynamic adhesion processes. The quasi-static assumption implies
that the system is in equilibrium at each time step, and the rate of change of adhe-
sion forces is sufficiently slow to allow the system to adapt instantaneously to changes
in external conditions. As a result, phenomena such as the time-dependent formation
and rupture of molecular junctions, or inertia-induced deviations from equilibrium,
are not explicitly included in the model. The quasi-static approach allows us to isolate
the effects of adhesion and viscoelasticity without introducing additional complexities
from dynamic processes, allowing to capture the primary interactions between adhe-
sion and the viscoelastic substrate. Furthermore, we have assumed a constant sliding
speed during reciprocating motion. The velocity reverses its sign at the motion rever-
sal, with the reversal occurring over a time interval t = Ax/V;, where Ax is the element
size and V; is the magnitude of the speed. While it is possible to consider alternative
time evolutions for the velocity, such as a sinusoidal variation, we expect that this
would not significantly alter the results under the quasi-static motion assumption.

3 Results

Results are presented with the aim of highlighting the interplay between adhesion and
viscoelastic dissipation in the substrate. For this reason, simulations are performed for
different values of the Tabor parameter pur = (RAY?/E;2e3)Y/? (with Ef = Ey/(1-v?)
the plain strain elastic modulus), ranging from long-range adhesion regime (ur < 1)
to short-range adhesion regime (ur > 3). Moreover, calculations are performed on
a nearly incompressible material (Poisson’s ratio ¥ = 0.49) with a ratio of low to
high-frequency modulus Ey/Ey = 0.1.

Results are presented in terms of the following dimensionless quantities: sliding
speed V, = V,7/e, contact force F = F/(E;R), time i = t/7, dissipated energy
W = W/(E;Rl), where [ is the amplitude of the reciprocating motion, and pressure
P = p/Omax, being omax = 16A7/(9v/3¢) the Lennard-Jones tensile peak stress.

It is well known that viscoelastic materials exhibit a frequency-dependent response.
At low and high frequencies (speeds), the material response is essentially elastic with



moduli E; (rubbery region) and E., (glassy region), respectively. At intermediate
frequencies (speeds), viscous effects are activated, leading to energy dissipation (tran-
sition region). As a result, after the inversion of the motion, we expect the substrate
response to depend on the tangential speed, as the excitation frequency is directly cor-
related with V;. This behaviour influences the contact pressure, as illustrated in Figs.
2 and 3, where the pressure distribution p = p/0qe. is shown at different instants
after the reversal of the motion, which occurs at ¢ = t/7 = 0, for two values of the
Tabor parameter ur = 1 and pr = 6.08, respectively.
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Fig. 2 The adimensional pressure distribution p, in the contact region at different times after the
motion reversal. Figures correspond to different values of the adimensional sliding speed VS =Vit/e.
Results are obtained under force-controlled conditions (Fn = —0.0047), Tabor parameter pup = 1,
and Fo/FE~ = 0.1. Black arrows indicate the direction of motion and the distance required to have
a complete inversion of the pressure profile.

At low and high speeds, the material response is elastic, both in long-range (Fig. 2)
and short-range (Fig. 3) adhesion regime. The pressure profiles are symmetric (Figs.
2a and 3a and Figs. 2d and 3d) and, after the motion reversal, neither the pressure
shape nor the contact length changes.

At intermediate speeds, the behaviour changes significantly due to the viscoelastic
dissipation within the substrate material, resulting in an asymmetric pressure profile.
Specifically, at £ = 0, there are tensile (negative) peaks at the trailing and leading
edges. However, near the leading edge, a compressive (positive) pressure peak is also
present. After the reversal of the motion, as the leading and trailing edges switch
positions, the contact pressure redistributes (Figs. 2b and 3b and Figs. 2¢ and 3c). The



asymmetry in the contact pressure observed in the transition region, is characterized
by the presence of a compressive peak, due to the viscoelastic time delay that prevents
the material to completely relaxing. When the motion reverses, the compressive peak
gradually reduces until it disappears, and a new compressive peak emerges at the
opposite edge.
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Fig. 3 The adimensional pressure distribution p, in the contact region at different times after the
motion reversal. Figures correspond to different values of the adimensional sliding speed Ve = Ver /€.
Results are obtained under force-controlled conditions (ﬁ‘n = 0.012), Tabor parameter ur = 6.08,
and Fo/F« = 0.1. Black arrows indicate the direction of motion and the distance required to have
a complete inversion of the pressure profile.

Note that, in the short-range adhesion regime (Fig. 3), the extent of the zone
required for a complete inversion of the pressure profile is significantly influenced by
the sliding speed and increases with it. Additionally, the pressure tensile peaks are
sharper.

The definition of the contact length £ is nontrivial when the surface interactions
are modelled with cohesive laws. However, based on results by Greenwood [46] and
Feng [47, 48], and the discussion reported in Ref. [42], the contact region can be
identified as the region where the gap is nearly constant, and the pressure peaks near
the edges, at least when the Tabor parameter pr > 0.1. Thus, we can define a gap
threshold below which the points are considered to be in contact. This threshold is
assumed 20% lager than the equilibrium distance e.



The transition phase causes local variations in the contact length L, as shown
in Fig. 4, where the ratio of £ to its steady state value Ly is plotted against the
adimensional abscissa # = r/R, indicating the indenter position during a complete
cycle of the alternating motion. Curves are given for different sliding speeds.
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Fig. 4 The normalized contact length £/Lg as a function of the indenter position during a complete
cycle of alternating motion, for different values of the adimensional sliding speed Ve = Vs /€, and
(a) long-range adhesion regime (ur = 1) and (b) short-range adhesion regime (ur = 6.08). Results
are obtained under force-controlled conditions (Fn = —0.0026 for ur = 1 and F,, = —0.009 for
pr = 6.08) and Eg/Es = 0.1. Black arrows indicate the directions of motion.

In the long-range adhesion regime (Fig. 4a), after each motion reversal, the contact
size sharply increases, reaches a maximum, and then returns to its steady state value.
For V, > 5, the variation in £ during the transition phase progressively reduces and
vanishes as the sliding speed exceeds V, > 50.

In the short-range adhesion regime (Fig. 4b), the behaviour of the contact length £
is more complex. After the motion reversal, the contact length can oscillate depending
on the sliding speeds. Specifically, at low speeds, the motion reversal is accompanied
by an initial reduction in contact length. As the speed increases, we observe an initial
growth of L, followed by a reduction and a subsequent increase to the steady state
value. At higher speeds, after the punch reverses its motion, a local increase is always
detected. In all cases, after a certain interval depending on Vs, the steady-state value
is eventually recovered.

The asymmetric pressure distribution leads to a viscoelastic friction force [49, 50]

ou
F=— /ﬁ ple) i, 3)

where u is the normal displacement at the contact interface.

The observed increase in the contact length is accompanied to a local increase
in dissipation and, consequently, viscoelastic friction, as shown in Fig. 5. Under the
assumptions of the present work (frictionless and adhesive interface, uncoupled normal
and tangential displacements, viscoelastic material, and sliding at fixed normal force),
this initial increase is related to the redistribution of contact pressure occurring in



this phase, which also causes the friction to initially align with the sliding direction,
as shown below.
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Fig. 5 The ratio F}/F,, between the tangential (friction) and normal force during a complete cycle of
the alternating motion, for different values of the adimensional sliding speed Ve = V7 /e and at three
different normal load: (a) Fi, = —0.0047, (b) F, = —0.0026, (c) F,, = 0.0042. Results are obtained
for Tabor parameter ur = 1, and Eo/E« = 0.1. Black arrows indicate the directions of motion.

In the rubbery and glassy regions (low and high speeds, respectively), where the
material behaviour is elastic and the effects of viscous dissipation are negligible, no
hysteresis is observed. In these regions, the contact pressure distribution remains sym-
metric during motion reversal, leading to no additional dissipation. Therefore, an
important distinction can be observed between reciprocating and normal contact. In
reciprocating contact, adhesion does not induce hysteresis in elastic regimes because
the pressure distribution remains symmetric during motion reversal. This behavior is
fundamentally different from normal contact, where adhesion, even in elastic regimes,
causes differences between the loading and unloading paths due to jump-in and
jump-out instabilities, a phenomenon commonly referred to as adhesive hysteresis.

In the transition region of intermediate sliding speeds, adhesion significantly alters
the contact pressure distribution compared to the non-adhesive case, and friction
exhibits a clear hysteresis cycle, with amplitude dependent on sliding velocity. Near the
dead points, where the motion reverses, friction F}/F,, aligns with the sliding speed, as
illustrated in the zoom from Fig. 5a (see also Putignano et al. [24], for the case without
adhesion). The extent of the region where the friction aligns with the motion direction



slightly increases with speed, even after the hysteresis cycle starts to diminish. This
result is consistent with the contact pressure behaviour observed in Fig. 2. After the
inversion of the motion, the pressure needs finite time to redistribute according to the
new direction. During this period, friction maintains the same direction until pressure
redistribution causes a change. Finally, note that the hysteresis cycle direction changes
when the total normal force becomes compressive (Fig. 5¢), and the extent of hysteresis
is significantly affected by sliding speed and normal load applied to the system.
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Fig. 6 The adimensional energy W dissipated during a reciprocating cycle as a function of the
adimensional speed Vi, for different values of the total normal force F},, and (a) long-range adhesion
regime (ur = 1) and (b) short-range adhesion regime (up = 6.08). Curves are shown in a semi-

logarithmic plot and are given for Eg/FEo = 0.1.
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Fig. 7 The ratio F}/F}, between the tangential (friction) and normal force during a complete cycle
of the alternating motion, for different values of the Tabor parameter pr. Results are obtained for
adimensional sliding speed Vs = 1.25, normal force F, = 0.012, and Ey/Es = 0.1. Black arrows
indicate the directions of motion.



The energy dissipated in a single reciprocating cycle is shown in Fig. 6 as a function
of sliding speed and for different values of the normal force. The results are presented
in a semi-logarithmic chart for both the long-range (Fig. 6a) and short-range (Fig. 6b)
cases. Moving from tensile to compressive force, the energy dissipated in a hysteresis
cycle increases. Consistent with the plots in Fig. 5, viscous dissipation shows a peak
at intermediate velocities and tends to vanish in the elastic limits (at low and high
speeds).

In the short-range case, the dissipated energy exhibits a marked increase. Although
the presence of interfacial adhesive interactions does not induce hysteresis in elas-
tic regimes, as the contact pressure distribution remains symmetric during motion
reversal, in the transition region, where viscoelastic effects cause an asymmetry in
the contact pressure, adhesion further amplifies this asymmetry compared to the non-
adhesive case. This results in increased hysteresis, as shown in Fig. 7, which displays
the ratio F;/F,, between the tangential (friction) and normal force during a complete
cycle of the alternating motion for different values of the Tabor parameter pr.
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Fig. 8 The adimensional energy 17%4 dissipated during a reciprocating cycle as a function of the Tabor
parameter p7. Curves are presented in a semi-logarithmic plot and are shown for adimensional sliding
speed Vi = 1.25, normal force F,, = 0.012, and Ey/Es = 0.1.

The corresponding dissipated energy W is plotted against ur in Fig. 8 using a
semi-logarithmic chart. The results clearly show that W increases as the intensity of
the interfacial adhesive interactions becomes stronger. This indicates that adhesive
interactions paly a pivotal role in amplifying the hysteresis cycle, leading to greater
viscous dissipation within the viscoelastic substrate. This amplifiation effect is notable
in the intermediate sliding speed regime, where the interplay between adhesion and
viscoelastic relaxation processes alters the contact pressure distribution. At higher
values of ur, the system moves to behaviour dominated by stronger adhesive forces,
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which enhance energy dissipation compared to cases with weaker or negligible adhe-
sion. These findings highlight the critical role of adhesion as a parameter for tuning
energy dissipation in viscoelastic systems subjected to reciprocating motion.

4 Conclusions

Our study highlights the importance of considering both viscoelasticity and adhesion
effects when analyzing reciprocating contacts on viscoelastic substrates, emphasizing
the factors governing hysteresis and energy dissipation. Our findings demonstrate that,
for given material properties, the hysteresis cycle and the resulting viscous dissipa-
tion are primarily influenced by the adhesion parameter, the normal force, and the
sliding speed. Specifically, the adhesion parameter significantly affects the contact pres-
sure distribution, contact size, and energy dissipation. The normal force determines
the overall contact area and pressure distribution, directly influencing the mechanical
response during reciprocating motion. Finally, the sliding speed governs the transition
between elastic-dominated and viscous-dominated regimes, with intermediate speeds
producing the largest hysteresis loops and the highest energy dissipation due to the
interplay between adhesion and viscoelastic relaxation processes. These results illus-
trate how adhesion modifies the contact behaviour, particularly in the intermediate
sliding speed regime, where the interplay between adhesive forces and viscoelastic
relaxation processes results in increased hysteresis and dissipation. Additionally, while
adhesion alone does not induce hysteresis in elastic regimes at low and high sliding
speeds (corresponding to rubbery and glassy states, respectively), it plays a crucial
role in shaping the tribological response in transition regimes.

These findings hold significant implications in tribological reciprocating contacts
between viscoelastic materials. By accounting for both viscoelasticity and adhesion,
we can develop more accurate models and optimize material selection for improved
wear resistance and reduced energy losses.
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