J. Mech. Phys. Solids 196 (2025) 106020

Contents lists available at ScienceDirect ~ [& Joumalof the
Mechanics
and Physics
of Solids
Journal of the Mechanics and Physics of Solids Sy i ™
journal homepage: www.elsevier.com/locate/jmps
Enhancement of adhesion strength through microvibrations:
Modeling and experiments
Michele Tricarico ¥, Michele Ciavarella®", Antonio Papangelo *"®-*
2 Politecnico di Bari, Department of Mechanics Mathematics and Management, TriboDynamics Lab, Via Orabona 4, Bari, 70125, Italy
Y Hamburg University of Technology, Department of Mechanical Engineering, Am Schwarzenberg-Campus 1, Hamburg, 21073, Germany
ARTICLE INFO ABSTRACT
Dataset link: https://doi.org/10.5281/zenodo.1 High-frequency micrometrical vibrations have been shown to greatly influence the adhesive
4608773 performance of soft interfaces, however a detailed comparison between theoretical predictions
Keywords: and experimental results is still missing. Here, the problem of a rigid spherical indenter, hung
ywords:
Adhesion on a soft spring, that is unloaded from an adhesive viscoelastic vibrating substrate is considered.
Viscoelasticity The experimental tests were performed by unloading a borosilicate glass lens from a soft PDMS
Microvibrations substrate excited by high-frequency micrometrical vibrations. We show that as soon as the
Sphere contact vibration starts, the contact area increases abruptly and during unloading it decreases following
Enhancement approximately the JKR classical model, but with a much increased work of adhesion with
Pull-off

respect to its thermodynamic value. We find that the pull-off force increases with the amplitude
of vibration up to a certain saturation level, which appeared to be frequency dependent. Under
the hypothesis of short range adhesion, a lumped mechanical model was derived, which, starting
from an independent characterization of the rate-dependent interfacial adhesion, predicted
qualitatively and quantitatively the experimental results, without the need of any adjustable
parameters.

Surface energy

1. Introduction

Traditional adhesives, such as glues or tapes, exhibit static adhesion properties—once applied, their adhesive strength remains
constant or degrades over time. The design of adhesive interfaces has been inspired by nature (Duan et al., 2023), as animals like
geckos (Gorb et al., 2007; Kamperman et al., 2010; Li et al., 2022), frogs (Li et al., 2024; Wang et al., 2019), and octopuses (Giordano
et al., 2024; Mazzolai et al., 2019) exhibit remarkable adhesion capabilities that can be modulated according to environmental
conditions (Arzt et al., 2021). Drawing inspiration from these natural models, researchers have developed numerous artificial designs
that achieve similar functionality (Qin et al., 2024). Regulating adhesion is a key requirement in advanced applications such as
robotics (Shintake et al., 2018; Cacucciolo et al., 2022), object manipulation (Giordano et al., 2024; Trivedi et al., 2008; Qu et al.,
2024), human-robot interaction (Edsinger and Kemp, 2007), crawling robots (Chen et al., 2020), and wearable devices (Huang
et al., 2024). Recent approaches to regulate adhesion in a predictable manner rely on stimuli-responsive materials, which respond
to light (Liu et al., 2023), heat Linghu et al. (2024), pH (Narkar et al., 2019), or electric (Cacucciolo et al., 2022) and magnetic
fields (Zhao et al., 2022).

Commonly, grippers and pads are fabricated using soft polymers, such as elastomers and silicone (Giordano et al., 2024; Mazzolai
et al., 2019; Arzt et al., 2021), which behave as viscoelastic materials. Being “soft” allows the gripper to conform gently to the
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“rigid” counter-surface, maximizing the intimate contact area between the gripper and the object. Hence, the viscoelastic nature
of soft polymers has been exploited to regulate, and generally enhance, adhesion (Afferrante and Violano, 2022; Maghami et al.,
2024a,b; Papangelo and Ciavarella, 2023; Violano and Afferrante, 2022; Violano et al., 2021).

Indeed, viscoelastic materials dissipate energy when subjected to time-varying loads, which results in toughening of the
interface (Greenwood, 2004; Persson and Brener, 2005). From a theoretical perspective, a soft viscoelastic contact can be described
as an external crack propagating or healing at the interface between the indenter and the substrate (Schapery, 1975a; Greenwood
and Johnson, 1981; Greenwood, 2004; Persson and Brener, 2005; Ciavarella and Cricri, 2021). According to viscoelastic crack
propagation theories, due to viscoelastic losses, the effective work of adhesion 4y,,, depends on the crack tip speed; in particular,
4y, increases during propagation and decreases during healing, relative to the thermodynamic work of adhesion (or surface
energy) Ay,. Due to this time-dependent toughening mechanism, the adhesion strength of soft interfaces depends on the loading
history (Papangelo and Ciavarella, 2023; Mandriota et al., 2024b; Afferrante and Violano, 2022; Violano and Afferrante, 2022),
unloading rate (Maghami et al., 2024b; Violano et al., 2021), layer thickness (Maghami et al., 2024a), indenter geometry (Afferrante
and Violano, 2022; Papangelo and Ciavarella, 2023).

However, for common robotic tasks such as pick-and-place manipulation, locomotion, and grasping, there is a growing need for
more versatile adhesive systems that allow for the tuning of interfacial adhesion on a short time scale. For instance, a gecko can
switch from high to negligible adhesion in approximately 15 ms (Autumn and Peattie, 2002), which allows for effectively climbing
and running over vertical surfaces and ceilings.

In 2020, Shui et al. (2020) reported, for the first time, that interfacial adhesion between a soft viscoelastic substrate and a glass
spherical indenter can be rapidly modulated by inducing microvibrations in the substrate at frequencies in the order of hundreds
of Hertz. The basic mechanism inducing adhesion regulation relies on the dependence of the effective work of adhesion on crack
speed (Argatov et al., 2024; Ciavarella et al., 2024; Mandriota et al., 2024b). The externally imposed mechanical vibration causes
a rapidly oscillating contact radius, which, due to the viscoelastic losses, increases the interfacial toughness. Shui et al. (2020)
reported a 77-fold enhancement of the pull-off force, and a reduction to zero, by accurately tuning the vibration amplitude and
frequency. In their work Shui et al. (2020) concentrated more on the dependence of the detachment force (the “pull-off” force) on
the vibration amplitude X, and frequency f, nevertheless several aspects of the contact experiment remained unclear, such as the
evolution in time of the contact radius and contact force. Additionally, they provided a tentative model for estimating the pull-off
force, resulting in a modified JKR adhesion model (Johnson et al., 1971) with an added frequency-dependent term. Nevertheless,
how the estimation of the pull-off force depends on the adhesive characteristics of the soft interface remained somehow unclear
from their derivation.

More recently, Yi et al. (2024) utilized these findings to design a soft spherical-tipped adhesive finger, exploring the effect on
the pull-off force of parameters like surface roughness, Young’s modulus, and sphere radius. The model they propose is based on a
splitting of the contact force in an adhesive and repulsive contribution, nevertheless, to fit their experimental data, they needed a
different set of fitting parameters depending on the radius of the soft spherical indenter.

This work aims at providing the contact mechanics scientific community with a comprehensive description of vibroadhesion,
i.e. the problem of adhesion of soft contacts subjected to rapid mechanical microvibrations, by a point-by-point comparison between
new experimental results and the proposed mechanical model. For this purpose, the case of a spherical indenter suspended on a
compliant spring and in contact with a vibrating soft substrate is considered. In Section 2, the mechanical model describing the
contact problem is introduced, which resulted in an extension of the model proposed by Shui et al. (2020). In Section 3, qualitative
numerical results are shown to highlight the most important features of the contact problem, such as the time evolution of the
contact radius and contact force during loading and unloading, the dependence of the pull-off force on the vibration amplitude and
frequency, the behavior of the contact assembly at resonance. In Section 4, the experimental set-up is introduced, along with the
independent characterization of the rate-dependent adhesive behavior of the soft PDMS. Then, we present a detailed comparison
between the model predictions and the experimental data, which we found to be in very good agreement without the need for
any adjustable parameters. Section 5 discusses the experimental and numerical results, highlighting limitations and possible future
developments. Finally, closing remarks will be given in Section 6.

2. Model formulation
2.1. Overview of the mechanical model

Let us consider the problem of a rigid spherical indenter of mass m and radius R supported by a spring of stiffness k and
in contact with a soft viscoelastic substrate. The latter is vibrating with a known (externally imposed) harmonic displacement
x, (t) = X,sin(2zf1), being f the frequency,  the time and X, the amplitude of the vibration. The position of the upper end of
the spring is denoted by x, (r), while the lower end is connected to the indenter whose position is denoted by x, (r) (see Fig. 1). To
account for the internal dissipation of the assembly a damping coefficient ¢ is also introduced in the equilibrium equation, so that
it reads

m§é5+cks+k(xs —-x;)=F,+mg @

where a dot superposed means differentiation with respect to time (e.g. icS = dx,/dt), F, is the contact force that the substrate applies
to the indenter, considered positive when adhesive, and g = 9.807 m/s? is the gravitational acceleration. For the contact model, short
range adhesion is assumed, which is appropriate for modeling the contact with soft elastomers (Tabor, 1977). In this framework,



M. Tricarico et al. Journal of the Mechanics and Physics of Solids 196 (2025) 106020
’ Ix k

k

v

Soft viscoelastic substrate T X b
v g Z|

Fig. 1. Scheme of the modeled set-up.
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the JKR theory (Johnson et al., 1971) applies, which gives the following expressions for the contact force F, and indentation depth
o:
4E*a’ .
F,.=- IR + 1/8n4y E*a? 2

2 2z A
5= L N (3)
R E*

where, E* = ((1-v?) /E; + (1-42)/ Ez)_1 is the contact modulus, being {E;,v;},_, , the Young’s moduli and the Poisson’s ratios

»r
of the two bodies in contact at the given excitation frequency f, a is the contact radius and 4y, is the thermodynamic work of
adhesion.
It is assumed that the indenter reference position corresponds to the case of static equilibrium when subjected to its own weight
and to the adhesive force corresponding to zero indentation (6 = 0), hence for x; = 0 one has
F, co=0 T Mg

X0 = = 4)
By the change of variable x = x; — x,, one can rewrite the equilibrium equation as
mx + ex + k(x = x;) = F, (6) = F, 50 5)

where F, ;_, = (4/3) nRAy,. The normal contact force F, (§) is an implicit equation of the indentation  through the JKR model Egs.
(2), (3.

It is assumed here that the substrate vibration, physically applied at the bottom surface of the viscoelastic substrate (see
Fig. 1), is rigidly transferred to the whole substrate, implying that also the reference free surface of the soft substrate moves as
x;, = X, sin 2z 1) (this implies we are neglecting inertia forces within the substrate), hence the indentation 6 (¢) is written as

8 = x () + X, sin 2z f1) (6)

Notice that only when the indenter displacement is negligible (i.e., x (¢) /x, (t) ~ 0) the sphere indentation will be approximately
equal to the substrate oscillation, i.e. 6 (¢) = x, (1).

2.2. Rate-dependent adhesion

Elastomers and silicones behave as viscoelastic materials, which requires careful modeling to account for the dissipative
contribution of the bulk (Persson and Brener, 2005; Creton and Ciccotti, 2016; Schapery, 1975a,b, 2022; Greenwood and Johnson,
1981; Greenwood, 2004), which may tremendously affect the tackiness of soft materials, as it has been shown for several geometries,
including the case of a flat punch (Maghami et al., 2024a; Papangelo and Ciavarella, 2023) and of a spherical indenter (Maghami
et al., 2024b; VanDonselaar et al., 2023; Miiser and Persson, 2022; Violano and Afferrante, 2022; Tiwari et al., 2017).

Nevertheless, if we limit our interest to soft elastomers and short range adhesion, dissipation may be assumed to be concentrated
close to the crack tip (along the contact periphery), and be accounted for by considering an effective work of adhesion 4y, ;. The
latter represents an enhancement of the thermodynamic work of adhesion 4y, when the crack propagates, and a reduction when
the crack heals (Persson and Brener, 2005; Greenwood and Johnson, 1981; Greenwood, 2004; Nazari et al., 2024; Papangelo et al.,
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2024; Carbone et al., 2022). Several theories have tried to relate the internal dissipation mechanisms of the viscoelastic material
to the effective adhesive energy (Persson and Brener, 2005; Greenwood and Johnson, 1981; Carbone et al., 2022). However, the
comparison with the experimental data has remained satisfactory only in a limited range of crack speeds, perhaps because of other
nonlinear rate-dependent mechanisms acting within the process zone (Maghami et al., 2024b), only recently considered in theoretical
models (Barthel, 2024; Persson, 2024). Nonetheless, there exists a strong experimental evidence that when the crack is propagating,
the effective surface energy increases as a function of the crack speed as a power law (Barthel, 2024; Hui et al., 2022), in accordance
with the well known phenomenological model firstly introduced by Gent and Schultz (1972)*:

a
Ay, <1 + |% ) v > 0, opening
Ayory = ay —1 @)
Ay, <1 + U—L(’] > v < 0, closing
where v = —da/dt is the crack speed, {vy,a} are positive characteristic constants of the interface. We have considered that the

effective work of adhesion is reduced for closing (healing) cracks (v < 0) with [Aye rr /Ayo]dcsing ~ [Aye If /Ayo];;ening, which is
generally a satisfactory approximation, as shown by Greenwood (2004).

2.3. Dimensionless notation

Following (Maugis, 2013), let us introduce the following reference contact radius a, and indentation &,

1/3

NE AN A e " ©

ar = 4E* ’ "~ R~ 16 E*2 ’
and consequently the dimensionless quantities
~_a ~ 6 ~ X ~ Xs/b/k . ¢
a=a—r, 5=€, X=5 5 Xs/b/k = 5r B [,=5—r, 9
~ F, ~ ~ ~ 2 —~ 4y,
=t Toon Fk=—— F=ZL  F, =2 (10)
7 RAy, 1E*a, , Ay,

where w, = y/k/m is the natural frequency of the linear oscillator when it is not in contact. Hence, the JKR contact model equations,
for the effective work of adhesion, become

F,= -3 +\/6@ 47, (11
5 2 [ =
d=a —5\/6aAyeff (12)

and the equilibrium equation is written as

~ ~ o~ o~ 1 (=~ (7 ~

AT +F-T =2 (7 (8)-Fir) 13)
where ¢ = ¢/(2y/km) is the dimensionless damping ratio, the prime represents differentiation with respect to the dimensionless

time, i.e. X' = dx/ di. Hence, substituting S=%+X 5 sin ff) into the JKR contact model (Eq. (12)) gives the dimensionless effective
surface energy

—~ 3 o - ~ . ~\\ 2

Ayeff=8—a(a2—x—szm<ft>> a4
and substituting into Eq. (11) the contact force becomes

~ " 3~ " ~ ~ . ~

Fc:—a3+Ea(az—x—Xbmn(ft)) (15)

Using Eq. (15) into the equilibrium equation Eq. (13) and rearranging the Gent and Shultz law (Eq. (7)), the system dimensionless
evolution equations can be written as:

¥4 AR+ G- = b [-d 4 1a(@ - %= Kysin (7)) - 2]

- N2 1/a
) —5(,(815 ?—;—xbsin( z)) -1 ,ifd@ <0 16)
a = - - 2 1/a
50<83l(52—§—thin( t>> —l> ,ifd@ >0
where @’ = -7.

1 Due to the time-temperature superposition in viscoelastic behavior of soft materials the reference velocity can be written as v, = (Ka;)" where {x,n} are
constants with 0 <»n <1 and a; is the WLF factor that shifts the viscoelastic modulus at different temperatures (Williams et al., 1955).
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It was assumed that, starting from a certain initial position, the spherical indenter is unloaded at a constant rate r, hence X, =7,
being 7= r/ (w,5,), negative during unloading.

The system of ODEs in Eq. (16) was solved in MATLABO using the ode function ode23t, which can handle moderately stiff
dynamical problems and it provides the integration results without the use of numerical damping. For a given preload F,, the
initial contact radius a, and indenter position X, are found, while it was always assumed that the unloading phase started when
the indenter was at rest, hence f(’) = 0. The numerical simulations were terminated when, during unloading, the contact radius fell

below 0.
3. Model predictions

Before comparing the model predictions against the experimental data, we give here an overview of the system adhesive behavior
to varying amplitude and frequency of the imposed microvibrations. In this section the results will be presented in dimensionless
form. Otherwise differently stated, it was assumed k = 0.0774, F,, = —6.547, ¥ = —0.1 and for the Gent and Schultz parameters
Dy = 9.168 x 10™* and « = 0.531.

3.1. Influence of frequency and amplitude

To qualitatively show the system behavior, let us simulate a dynamic adhesion test. The indenter is firstly slowly driven into
contact with the substrate, up to a preload of F,, = —6.547 (negative in compression), which is then kept constant for a certain
dwell time to allow for full relaxation of the viscoelastic substrate. At this point the substrate starts to vibrate and, after a certain
dwell time, the indenter is unloaded at a constant unloading rate 7. Fig. 2a shows the evolution of the dimensionless contact radius
a versus the spring reaction F, = k(X — X,) + 4/3 (defined as positive when tensile). The dimensionless vibration amplitude and
frequency were set to X » =8 and f = 16.62, respectively.

As we are considering high frequency microvibrations, whose time-scale is much smaller than the time-scale relative to the
indenter unloading, it is useful to define averaged (over one vibration period T =2x / f ) values of the contact chce (fc) and contact

radius (2). Considering the indenter is slowly unloaded, F, coincides with the averaged spring reaction force F:

IS B LR
:/ Fc(?)dtz:/ F (7) di (17)
0 T Jo

T

Fig. 2a (top panel) shows in red the curve a vs fk, in blue the averaged value avs F > while the solid and dashed black lines
refer to the JKR and Hertz contact model, respectively. As soon as the substrate starts vibrating the contact radius jumps to a larger
value. This jump is clearly visible in Fig. 2a (bottom panel) where the evolution of the dimensionless contact radius as a function
of the dimensionless time is shown. Notice that @ (7 = 0) coincides with the quasi static JKR value at the given preload F,q. The

base vibration starts at 7= 50, while the unloading phase is set to start at 7= 100. The detachment point is considered where F, is

maximum, which was defined as F po = Max <fk>. In the example considered, the pull-off force is increased by a factor ~ 15 with

respect to the quasi-static counterpart (F, TKR)- _
Having clarified the typical loading-unloading scenario, the effect of X » and f on the pull-off force enhancement F ol I?J KR 1S

shown in the map in Fig. 2b. In general the pull-off force F o increases when the vibration amplitude is increased, while the behavior
with respect to the frequency is influenced by the nonlinear stiffness introduced by the contact k.. At a given indentation §, the
contact stiffness is k, = (dF,/ds5) | 55y which depends on the indentation &, as the force versus indentation curve is nonlinear. The

corresponding dimensionless contact stiffness will be k, = k,/ (% E*a,). In the numerical simulations the contact model is always
satisfied, i.e. there is no contact loss except at the pull-off point where the simulation is truncated. Clearly too large vibration
amplitudes may cause detachment of the indenter as soon as the vibrations start. This regime was not investigated here as it may
lead to cycles of jump-in and -out of contact including impacts, which we were not interested in.

Indeed, substituting in the equation of motion (Eq. (5)) the expressions for § (Eq. (6)) and its derivatives, in the limit of very
high frequency and with low apparatus stiffness and damping, which is our case of interest (k < 1 and ¢ < 1), one obtains the

dF.(5)

resonance frequency of the system at a given mean indentation &, to be w,, = ( TS

53 ) /m (see Appendix B). For a typical
=00

contact radius of @ = 5.1 one finds k, = 7.1 and f,, = ,./o, ~ 9.6 that is consistent with the numerical results found.

Notice that in the JKR model, the relation contact force versus indentation is an implicit equation of the contact radius a,
nevertheless an approximation is to consider the stiffness of a flat punch of radius @ that, in our case, would estimate the contact
stiffness as k, = (3/2)@ ~ 7.6, giving f,. ~ 10 within the 5% error. Scrutiny of the map in Fig. 2b would also reveal the stiffening
behavior of the contact as k, increases with the indentation hence the locus of the maxima of the pull-off force bends towards the
right due to the increase of the system resonance frequency w,,.

A better understanding of the system dynamical behavior at different frequencies can be obtained by checking the time evolution
of the following variables (Fig. 2c): sphere indentation g(black lines) and position X (green lines), substrate vibration X, (blue lines)
and contact radius a (red lines). Four cases were analyzed, each corresponding to a representative value of frequency (highlighted
in Fig. 2b): (case 1) f: 2.1, (case 2) f: 9.9, (case 3) f~: 16.6, (case 4) f~: 30.0. The vibrations amplitude was fixed to )7,) =38
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Fig. 2. (a) Top panel: contact radius a versus the spring reaction force )?k in dimensionless form. The black solid line is the JKR curve, the black dashed line is

the Hertz contact model, the red solid line is the oscillating @ versus F, curve, the blue solid line is its average over one vibration period denoted as avs F,.
Bottom panel: contact radius @ versus the dimensionless time 7 curve (the red line is the oscillating curve, the blue line is its average value over one vibration
Eeriod). The curves were obtained by fixing )?b =8 and f = 16.62.~(b) Map of the pBII-off force 1’::[,D normalized with respect to theNJKR quasi-static value
F;xr = 3/2 as a function of the dimensionless vibration amplitude X, and frequency f. (c) Time evolution of the sphere indentation & (black lines) position
X (green lines), substrate vibration X, (orange lines) and contact radius @ (red lines). The four panels (numbered from 1 to 4) correspond to the locations
highlighted in the map in b). The vibration amplitude is X , = 8 for every case, while the excitation frequency is: (1) f =21, (2) f =99, (3) f = 16.6, (4)

F=300.
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Fig. 3. Normalized vibration amplitude for the contact radius (@, /E, left y-axis, blue curve) and indentation (5,/X,, right y-axis, orange curve) as a function
of the frequency f for X, = 8. The quantities are estimated when the vibrations are switched on and the sphere is subjected to the preload F,, = —6.547.

for every case. Notice that, for the sake of an easier comparison, only the oscillating part of the signals & (?) and X (T) is shown,
i.e. their mean values was subtracted.

Prior to resonance (case 1), indentation and base displacement move in-phase (consider the convention of signs in Fig. 1 meaning
that as the substrate moves the indenter follows. This results in a minimal variation of indentation depth & and in a very small
variation of the contact radius g, preventing adhesion enhancement. Case 2 describes the system behavior near the resonance: the
indenter vibration this time dominates with respect to the base excitation. This implies 5 ~ X, which are almost in quadrature of
phase with respect to the base excitation X,. Large, high frequency, oscillations of & result in large oscillations of the contact radius,
yielding a significant amplification of the adhesive force. By increasing the excitation frequency above the resonance frequency
( f,,c ~ 10), the indentation and base displacement move out-of-phase (consider the convention of signs in Fig. 1), which signifies that
the base vibration is amplified by the oscillator motion resulting in & > %, (cases (3, 4)). Hence, within our modeling assumptions,
we have lim oo 5(f) = %,, resulting in a very mild dependence on the excitation frequency, as it can be clearly seen in Fig. 2b.

3.2. Behavior at pull-off

To clarify the mechanism behind the adhesion enhancement, Fig. 3 shows how the oscillating parts of the contact radius and
indentation (taken as soon as the vibrations are switched on) vary with the excitation frequency, for a fixed amplitude X » = 8. The
representative quantities @, = (max (a) — min (@)) /2 and 5= (max <§ ) — min (5 )) /2, normalized by the mean contact radius @ and
the substrate vibration amplitude X, »» respectively, are plotted as functions of the frequency. Both curves show the same qualitative
behavior, with the oscillating part of the contact radius and indentation increasing at low frequencies, then reaching a peak at the
resonance frequency and later decreasing as the frequency is further increased. Notice that the contact area variation is predicted
to be quite severe at resonance, being a, ~ 0.33 * @, while this oscillation steeply drops moving away from the resonance frequency
and remaining at high frequency within the 1% of the average contact radius. This is consistent with the experimental observation
in Shui et al. (2020). Qualitatively similar conclusions can be drawn for the variation of &, 4 Notice that as the frequency increases,
5 4 /X » — 1. At very high frequency > f~,,c, a simplified model for the system in Fig. 1 can be considered that neglects the indenter
dynamics, which is briefly presented in Appendix C.

4. Experimental tests
4.1. Description of the experimental test-rig

The customized test rig shown in Fig. 4 was used to conduct the vibration-regulated adhesion experiments. The indenter, a
borosilicate crown glass plano-convex spherical lens with radius of curvature R = 51.5 mm, was connected to a uniaxial S-beam
load cell (Futek LSB205, natural frequency 1180 Hz, resolution 1 mN). In order to shield the load cell from highly oscillating axial
loads during the testing, a compliant rubber band buffer was positioned between the load cell and the indenter. Additional weights
were placed on top of the indenter to keep the rubber band in tension. The stretched rubber band was 4 cm long, with a squared
cross section of 1x 1mm?. It was connected on both ends (one end to the load cell, the other to the indenter) through steel eye-bolts.
The calibration was made by fixing the end connected to the indenter and pulling on the rubber band by moving the upper end
connected to the load cell. Force-displacement curves were recorded using the same loading rate of the vibration tests, in a range
of forces similar to the one employed in the tests, where the force-displacement curve is approximately linear. A stiffness of k = 320
N/mm was estimated.
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Fig. 4. Experimental test-rig used for the dynamic tests.

A micrometrical motorized linear stage (Physik Instrumente, M-403.2DG) was used to drive the assembly in the direction normal
to the PDMS surface.

The dynamic excitation was supplied by two electrodynamic shakers (Dynalabs, DYN-PM-250), that also served as supports for
the PMMA transparent beam where the PDMS sample (fixed onto a glass slide) was placed. The sample was positioned right in
the center of the beam and two piezoelectric accelerometers (DYTRAN 3055D1, frequency range 1-10000 Hz) where mounted
at its sides, allowing to measure the acceleration of the PMMA beam close to the PDMS substrate. The vibration amplitude was
then measured by double-integration of the acceleration signal. The measured signals were acquired and elaborated through a data
acquisition system (Dewesoft, DAQ system KRYPTON-6XSTG). A high-resolution camera (Alvium 1800 U-2040 m, resolution 20
Mpixel, pixel size 2.74 pm, frame rate 10 fps, shutter exposure time 5 ms), captured live images of the contact patch through a
right angle optical element positioned beneath the contact. The purpose of the imaging was to measure the averaged values of the
contact radius during the whole test. The contact edge was sharp enough to clearly distinguish an average contact circle in most of
the tests. Some blur was visible only at large amplitudes or near the pull-off.

By using a custom code built in Wolfram Mathematica© to post-process the images, the corresponding evolution of the contact
radius was determined.

The standard loading protocol was the following: the sample was loaded with a F,;, = =250 mN preload (loading rate 100 pm/s)
and a dwell time of 60 s was allowed for material relaxation. Subsequently, the substrate vibration was switched on by starting the
electrodynamics shakers and the target amplitude was reached by manually adjusting the amplifier’s gain. An additional 60 s dwell
time was considered in order to stabilize all the acquired signals, e.g. force, vibration amplitude, contact radius. The sample was
finally unloaded at r = =5 pm/s. All the experimental tests were performed at room temperature ~ 20°C.

4.2. PDMS sample preparation

The PDMS samples utilized in the adhesion experiments were fabricated using the commercial elastomer Dow Sylgard 184®.
The base:curing agent volume ratio was set to 10:1. The mixture was degassed under vacuum in a desiccator for 15 min at room
temperature. The resin was subsequently poured into a petri dish containing a glass slide, previously activated by air plasma to
favor intimate bonding without the use of any glue or intermediate layer. Finally, the resin was cured for an initial 18 h period
at room temperature, followed by a second 90 min period at 75 °C. Such a two-step protocol was adapted from Delplanque et al.
(2022) and allows to reduce the shrinkage-induced deformation of the PMDS slab upon curing, preserving a flat surface. The final
dimensions of the PDMS sample were 2.5 x 2.5 cm in plane and 3 mm thickness.
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Fig. 5. Characterization of the interface rate-dependent adhesion. The effective work of adhesion 4y,,, as a function of the crack speed obtained from the
experimental data (markers) through Eq. (18). The data points were fitted using Eq. (7) for propagating (opening) cracks (solid line), resulting in a reference
speed of v, = 0.0445 mm/s and an exponent « = 0.531. The inset shows a log-log representation of the quantity (4y,; /4y, — 1) that highlights the power law
scaling.

4.3. Independent characterization of the interface rate-dependent adhesion

Before to move to the dynamic experiments, the rate-dependent adhesive behavior of the PDMS-glass interface was performed.
Firstly, the quasi-static properties (E;, 4y,) were determined by a classical JKR indentation test. The indenter was loaded at r = 0.1
pm/s, then the contact was stabilized for a dwell time of 60 s and later the unloading phase started with r = —0.1 pm/s (refer to
Appendix A for further details). Further reduction of the loading/unloading rate below |r| < 0.1 pm/s did not provide any significant
difference in the results obtained. By fitting the quasi-static unloading curve contact radius versus contact force with a JKR model
(Fig. A.8), we found 4y, = 236 mJ/m? and a relaxed contact modulus E(’)‘ = 2.8 MPa. For the same material (Oliver et al., 2023)
found (E(’)‘ = 1.49 MPa, Ay, = 141 mJ/m?) and Dorogin and Persson (2018) found (Ea‘ =2.2 MPa, Ay, =280 mJ/m?2). We believe the
slightly larger value of Young modulus compared to Oliver et al. (2023) and Dorogin and Persson (2018) may be due to the finite
thickness of the PDMS substrate. The rate-dependent adhesion behavior of the interface was characterized by post-processing the

results of several adhesion tests conducted at unloading rates in the range r € [0.1, ..., 1000] pm/s, where unloading started from a
fully relaxed substrate. Writing the JKR contact model (Eq. (2)) with an effective work of adhesion 4y, ,,, one finds
(Fy = F.)
A = — 18
Tell = T6xRF, (18)

where Fy = 4E$a3 /(3R) is the Hertzian load, F, is the normal contact force as measured by the load cell and « is the measured
contact radius. By fitting the experimental data with the empirical Gent-Shultz power law model (Eq. (7)) we found the reference
speed to be vy = 0.0445 mm/s and « = 0.531, as shown in Fig. 5. The inset in Fig. 5 shows the quantity (4y, /4y, — 1) in log-log
scale to highlight the power law scaling of the effective surface energy with respect to the crack speed.

In summary, the dimensional parameters of the system are reported in Table 1. Notice that the natural frequency w, and the
damping ratio ¢ of the free oscillator (not in contact) were obtained performing a free vibration test of the indenter. In Table 1,
the effective contact modulus E?, . = 4.5 MPa is reported that is a factor = 1.6 larger than the quasi-static value determined by
the JKR contact test (see Appendix A). This accounts for the fact that the substrate gets stiffer when excited in the frequency range
f €1200,400] Hz and agrees well with our vibrating experiments (see Appendix B) and with independent DMA characterization of
the PDMS material in Maghami et al. (2024b).
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Table 1
Dimensional parameters of the mechanical system.
System parameters Symbol Value
Indenter radius of curvature R 51.5 mm
Natural frequency of the free system ®, 70.4 rad/s
Damping coefficient ¢ 0.0317
Rubber band stiffness k 320 N/m
Effective contact modulus of the PDMS sample E;, 4.5 MPa
Initial work of adhesion Ay, 236 mJ/m?
Gent-Shultz reference speed vy 44.5 pm/s
Gent-Shultz exponent a 0.531
Preload F, —250 mN
Unloading rate r =5 pm/s
Reference contact radius a, 6.895x 107* m
Reference indentation depth 8, 9.231x 107 m
Vibrations amplitudes X, [20, ..., 160] pm
Vibrations frequency f [200, 300, 400] Hz
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Fig. 6. Comparison with experiments a) Average spring reaction force (F,) vs. average contact radius (a) curves for the dynamic tests performed with f = 300 Hz
and X, = [20,40,60,80,100] pm. (b) Experimental pull-off force (3 test were performed per each value of amplitude X,: data points correspond to the mean, the
error bars indicate the standard deviation) vs. numerical prediction for different values of frequency (f = [200,300,400] Hz). The black straight line indicates
the locus where the experimental pull-off force F:p is equal to the numerical pull-off force f::m c) Force (Fk) vs. time (t) and contact radius (a) vs. time (t)
curves for the case (X, = 80 pm, f =300 Hz). Experiments and simulations are matched at the time instant when unloading starts (r ~ 120 s). Note that each
marker shape always corresponds to the same value of X,, in all the panels. The extra orange square and right-oriented triangle in panel b) refer to X, = 120
pm and X, = 160 pm, respectively.
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Table 2

Dimensionless parameters.
Dimensionless parameter Symbol Value
Rubber band stiffness % 0.0774
Gent-Shultz power law fit parameter Ty 9.168 x 107
Preload F, —6.547
Unloading rate 7 —0.008
Vibrations amplitudes X, 2.167x[1,...,8]
Vibrations frequency f 8.925 % [2,3,4]

4.4. Dynamic adhesion tests

Having elucidated the adhesive response of the indenter without microvibrations, we move here to the dynamic tests. In what
follows, the experimental results will be compared with the predictions of the model we have presented in Section 2. Starting from
the physical dimensional parameters listed in Table 1, the corresponding dimensionless parameters were derived, which are listed
in Table 2. In Fig. 6a, we report the measured average contact radius a versus the average spring reaction force F, curves for
typical dynamic tests performed at f = 300 Hz and X, ranging from 20 to 100 pm (respectively, diamonds, circles, up-triangle,
star, down-triangle). The experimental quasi-static loading curve (with no vibration) is shown as a gray line. The model predictions
obtained integrating Eq. (16) are shown as solid lines, using the same color of the experimental data they refer to (Fig. 6a).

A satisfactorily agreement is found between the model predictions and the experimental data without any adjustable parameter.
We find that as soon as the microvibrations are switched-on, the contact radius increases suddenly jumps to much larger values.
For example, in the case of X, = 100 pm, a two-fold increase, with respect to the quasi-static value under the same normal load
(F,o = —250 mN), is observed. At the frequency of our tests, the larger the vibration amplitude the larger the pull-off force reached.
Both the model and the experiments suggest that at low vibration amplitude, the detachment seems to be fostered by an instability,
similarly to the mechanism happening in a classical JKR adhesion experiment. Nevertheless, when the vibration amplitude increases
(see X, = 100 pm) we find very good agreement between the model and the experimental curve except at pull-off. Indeed, during
the experiment, the detachment suddenly happened around 800 mN, while the model would predict an instability around 1100 mN.

In the classical JKR model, in load control, detachment happens through an instability at the turning point of the contact radius
versus contact force curve where dF,/da vanishes. The experimental data at low vibration amplitude suggest the same mechanism
as it can be seen from Fig. 6a. Increasing the vibration amplitude X, the detachment in the experiments appears more abrupt,
suggesting a different mechanism.

The effect of the excitation frequency on the pull-off force was investigated in Fig. 6b, where the pull-off data are reported as
estimated from the numerical model (x-axis) and as obtained experimentally (y-axis) for the frequency f = [200,300,400] Hz and
for the vibration amplitude in the range from 20 pm to 160 pm (the same markers of Fig. 6a are employed, with the extra square
and right-oriented triangle referring to X, = 120 pm and X, = 160 pm, respectively). The effect of frequency seems negligible for
small amplitudes (X, < 80um), but it becomes significant at large amplitudes (X, > 80um), with the pull-off force increasing with f.
For small amplitudes the model matches very-well the experimental data, successfully reproducing the pull-off enhancement with
increasing X,. However, for larger amplitudes, experiments show a “saturation” of the pull-off that the model fails to predict (see
the Discussion in Section 5).

By way of example, let us analyze the case of / =300 Hz and X, = 80 pm. Fig. 6¢ shows the evolution of the average reaction
force and of the average contact radius versus the time, for both the model predictions (solid lines) and the experimental data (star
markers). Experiments and simulations are matched at the time instant when unloading starts (¢ ~ 120 s). Notice that the model
precisely reproduced the contact radius jump when the vibrations start, but also its time evolution and the variation of the average
spring reaction force during all the unloading phase.

The behavior at pull-off was further scrutinized in Fig. 7a, where the pull-off force is shown as a function of the vibration
amplitude for f = 300 Hz. The black solid line refers to the model predictions while the markers (each corresponding to a certain
value of X,, consistently with Fig. 6) refer to the experimental data (the error-bar indicates one standard deviation over three
independent measurements). Fig. 7b-i show micrographs of the contact area immediately prior to detachment, with the contact
periphery indicated by a dashed orange circle. Pull-off is preceded by a significant reduction of contact radius in the quasi-static
case and in the small amplitude cases. As X, increases, the detachment takes place in a more “abrupt” manner. The latter case,
referring to X, = [100, 120, 160] pm, seems related to the saturation of the pull-off force that the model is unable to predict. It appears
that above a certain vibration amplitude, X, ~ 80 pm for the case considered in Fig. 7a, the condition from detachment shifts from
an instability point to a different mechanism. Further scrutiny of the micrographs at high vibration amplitudes reveals the presence
of radial wrinkles (see close-up view for the case X, = 160 pm in Fig. 7j) close to the contact periphery. A possible interpretation
is that these wrinkles are the result of local elastic instabilities on the surface due to the hoop compressive stress o, generated
during the unloading phase, which for v = 0.5, are equal to the Hertzian component of the pressure distribution acting normal to
the substrate interface (6, = —py\/1 — (r/a)?, being p, the maximum stress in the Hertzian solution, r the radial coordinate, see
Eq. (4.130) in Maugis (2013)). Nevertheless, local instabilities, resulting in wrinkles and cavitation phenomena, have been studied
theoretically and numerically in spherical adhesive contact. He et al. (2022) observed them for quasi-static loading of very confined
elastic systems where a/h 2 4, being h the thickness of the layer (while in our case we have a/h ~ 1). However, our experimental
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set-up involves a viscoelastic material with base excitation, therefore definitive conclusions on the origin of the observed wrinkles
cannot be drawn at this point.

By considering both the pull-off force and the contact area (for X, > 80 pm, we considered only the patch within the white
dashed circle to be in intimate contact), we estimated the average stress at pull-off, 5,,, which is plotted as a function of the
vibration amplitude in the inset of Fig. 7a. The results show that ,, increases with X,, peaks at X, = 80 pm, and decreases
as X, increases further. This has two implications: firstly, there is an “optimal” vibration amplitude that maximizes the adhesive
capabilities of the interface; secondly, the pull-off force saturation cannot be ascribed to the limited adhesive strength of the interface,
as otherwise we would have observed a plateau of 5, at high vibration amplitudes (a “strength-limited” mechanism, see Papangelo
and Ciavarella, 2023). This, together with the observation of radial wrinkles, raises the question of what is the mechanism that
triggers the saturation of the pull-off force at large amplitudes. This matter goes beyond the scope of the present work, and will be
subject of further investigations.

Furthermore, the radial asymmetry of the wrinkles (indicated by the non-concentricity of the orange and white dashed circles
in Fig. 7f-j) might suggest the presence of shear stresses. Oliver et al. (2023) showed that shear forces can reduce the pull-off force,
nevertheless in our set-up the indenter is hung through a rubber band to the load cell like a pendulum, hence shear forces could not
be equilibrated. Furthermore, shear forces introduce asymmetry into the contact area that appears more elliptical than circular (Sahli
et al., 2019; Papangelo et al., 2019), something that we never observed in our experiments. Although a small misalignment in the

set-up cannot be excluded, we believe the saturation of the pull-off force cannot be explained by the presence of shearing loads.
5. Discussion

The problem of viscoelastic amplification of the adhesive strength of soft interfaces has been extensively discussed in the
literature (Persson and Brener, 2005; Creton and Ciccotti, 2016; Schapery, 1975a,b, 2022; Greenwood and Johnson, 1981;
Greenwood, 2004; Maghami et al., 2024a; Papangelo and Ciavarella, 2023; Maghami et al., 2024b; VanDonselaar et al., 2023;
Miiser and Persson, 2022; Violano and Afferrante, 2022; Tiwari et al., 2017; Mandriota et al., 2024a). Theoretically, the maximum
amplification should be of the order of the ratio between the glassy modulus E, and the rubbery modulus E, (Persson and
Brener, 2005), which for PDMS is greater than ~ 2000 (Maghami et al., 2024b). However, in spherical probe contact experiments,
amplification factors are only a fraction of the theoretical E_ /E,, generally due to difficulties in achieving very high interfacial
crack speeds. Vibroadhesion seems able to push the amplification boundaries further (Shui et al., 2020). Indeed, regardless of the
generally slow unloading process, high-frequency oscillations of the probe indentation imply high-frequency oscillations of the crack
tip, resulting in interfacial adhesion strengthening due to viscoelastic dissipation.

Wahl et al. (2006) and Greenwood and Johnson (2006) already studied oscillating adhesive viscoelastic contacts for a PDMS
substrate, using a micrometric diamond tip with a radius of 10 pm, oscillation amplitude of the normal load in the range ~ [15, 150]
nN, and frequencies in the range [1,200] Hz (Wahl et al., 2006). In their experiments, they mostly focused on the unexpected shift
of the contact stiffness from the JKR solution (which can be even negative) to the flat punch solution due to contact line pinning.
However, they experimental results did not show any enhancement of the pull-off force, even when the excitation frequency was
changed from 2 Hz to 200 Hz. We have shown here that adhesion enhancement is governed by the interfacial crack speed, and in
particular in a harmonic oscillation of the contact radius we would have the maximum crack speed to be max(v) = 2z fa,, being a,
the amplitude of the contact radius oscillation. From our Fig. 3 we have a, ~ 1072g and typically for Hertzian contacts @ ~ 10~ R,
hence max(v) ~ 2z f(10~3R). Using, f = 100 Hz and R = 10 pm (Wahl et al., 2006) one gets max(v) =~ 6 pm/s that is much smaller
than the Gent and Schultz reference speed we measured (max(v) ~ 0.135v,), which may explain why they did not find adhesion
enhancement. As a comparison, in our experiments we have f = 300 Hz and R = 51.5 mm, hence max(v) = 2z f(107>R) =~ 10° pm/s
> v,. The possibility to enhance macroscopic adhesion through microvibrations will depend on the term « (fR), hence smaller
indenter radius will require larger excitation frequencies to achieve the same adhesion enhancement.

Only recently, Shui et al. (2020) showed that high-frequency microvibrations could lead to significant adhesion enhancement, up
to 77 times larger than the quasi-static case. In their work, Shui et al. (2020) proposed a model to interpret their data, considering
the effect of base vibration as equivalent to the application of a harmonic inertia force on the indenter. This represents the force-
controlled limit of the model we have proposed here (see Appendix B), and after some approximations, they derived a force versus
contact radius curve similar to the JKR model, but with an additional frequency-dependent term. From this, Shui et al. (2020)
estimated the pull-off force as dependent on vibration amplitude, frequency, and damping ratio (see Eq. (B.7)). However, from a
physical standpoint, the role of the damping coefficient and of the Gent and Schultz parameters on the pull-off force estimation
remains somewhat unclear from their derivation. Notice that, in terms of dimensional pull-off forces, in our experiments we
observed very similar values as in Shui et al. (2020) (maX(_pa) ~ 811.5 mN), nevertheless we report an enhancement of about
FW JF yxr = 811.5/57.3 ~ 14.16, where we selected as a baseline pull-off force the one obtained during unloading in a classical JKR
adhesion quasi-static (no vibrations) test (4y, = 236 mJ/m?, F skr = 57.3 mN, see Fig. A.8). The 77-folds enhancement reported
by Shui et al. (2020), stems from the much smaller value of the baseline surface energy that they employed, namely 4y, = 40
mJ/m?, which was measured via a peeling test. Unfortunately, full details of their quasi-static characterization of the interface were
not provided.

Very recently, a different setup for vibroadhesion experiments was developed by Yi et al. (2024), where, unlike the setup
presented here, a vibrating PDMS spherical-tipped probe with diameters D = [1,2,3,4,5] mm was unloaded from a fixed rigid
substrate. Yi et al. (2024) observed both amplification and reduction of the adhesive force, depending on the amplitude and
frequency of the excitation. They proposed an approximate model for the pull-off force based on a splitting of the contact force
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Fig. 7. (a) Pull-off force as a function of the vibration amplitude X, (each marker corresponds to a certain value of X,, consistently with Fig. 6). The model
prediction (solid line) is compared against the experimental data points. b-i) Micrographs of the contact area just prior to pull-off for each test: b) quasi-static;
¢) X, =20 pm; d) X, =40 pm; e) X, =60 pm; f) X, =80 pm; g) X, = 100 pm; h) X, = 120 pm; i) X, = 160 pm; j) close-up view of the radial wrinkles leading
to abrupt pull-off (X, = 160 pm). The frequency was set to 300 Hz. The contrast was enhanced to allow for a better visualization. In panels (b-j) the orange
dashed circles delimitate the contact periphery, while in panels (f-j) the white dashed circles indicate what we considered the intimate contact circle, i.e. not

including the radial wrinkles.
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into its adhesive and repulsive parts, and a Gent-Schultz dependence of the work of adhesion on crack speed. Their model was used
to fit the experimental data, with ad-hoc Gent-Schultz parameters, determined in a way to reproduce the results for different probe
diameters.

In contrast, here we started with an independent characterization of the rate-dependent adhesion law under quasi-static
conditions (see Fig. 5), i.e., without vibrations. By providing all the dimensional characteristic parameters of our experimental
setup as input to the model, it successfully predicted the experimental results, including the time-dependent evolution of the contact
radius, spring reaction force and the pull-off force, without any adjustable parameter. Nevertheless, in experiments, the pull-off force
saturated above an excitation amplitude of about 100 pm. This saturation, which could not be predicted by the model, may be related
to the onset of local surface instabilities detected in the contact area snapshot at the pull-off point (see Fig. 7) perhaps due to local
circumferential compressive stresses arising within the contact area. Notice that, once the indenter detached from the substrate, we
could not identify any permanent damage on the PDMS surface. In order to explain the saturation of the pull-off force, Shui et al.
(2020) have proposed a truncation of the Gent and Schultz rate-dependent adhesion law at a critical crack speed v.. This scenario
does not find an experimental evidence in our measurements, where the effective work of adhesion was found to monotonically
increase with the crack speed (see Fig. 5). Moreover, the pull-off saturation we found appeared to be frequency dependent (see
Fig. 6b), which does not support the existence of a speed cut-off in the Gent and Schultz law, which would have appeared as an
inherent property of the interface providing the same pull-off saturation independently on the excitation frequency”.

In the spirit to clarify the mechanisms of vibroadhesion, providing reference experimental data to the community, we have
limited the experiments in the frequency interval [200,400] Hz where we found results to be robust and repeatable. By considering
also equipment limitations, it turned out this interval coincided with a substrate excitation frequency of about ~ 2.5 times larger
than the expected system resonance f,. ~ 112 Hz, which the numerical model predicted to be the one with the highest adhesion
enhancement. However, testing the system close to resonance appeared difficult to realize in practice due to the noticeable large
oscillations of the indenter, which made the tests much more sensitive to small variations of the system parameters.

Notice that, we have found that the system response is apparatus-dependent in the range of excitation frequency close to the
system resonance, while if f > f,. there is no dependence on the indenter mass and apparatus stiffness as we discuss in Appendix C.

6. Conclusions

In this work, we considered the problem of a rigid spherical indenter suspended on a compliant spring that makes contact with
a soft, viscoelastic adhesive substrate vibrating at a high frequency, f, and with a micrometrical amplitude, X,. First, a lumped
dynamical model of the nonlinear oscillator in contact with the vibrating substrate was derived. For the contact model, short-range
adhesion was assumed, resulting in the classical JKR contact model for an adhesive sphere with an effective, rate-dependent work
of adhesion. The model showed that by tuning the vibration amplitude and frequency, the detachment force of the oscillator can
be enhanced by more than one order of magnitude compared to the quasi-static pull-off force in the JKR model.

The indenter behaves as a nonlinear oscillator. At a given indentation: (i) for f below the resonance frequency f,., the substrate
moves and the oscillator follows, resulting in minimal variation in indentation and a very weak effect on adhesion; (ii) for f =~ f,.,
close to the system resonance frequency, the oscillator starts vibrating with high amplitude, causing large variations in both
indentation and contact radius, which fosters a significant amplification of the pull-off force; (iii) for f > f,., the oscillator oscillates
mildly, with the result that the oscillation in indentation is mostly determined by the vibration of the substrate.

Following the insights gathered from the model, an experimental campaign was conducted, in which a borosilicate sphere
suspended on a spring was brought into contact with a soft PDMS layer, 3 mm thick, and excited by high-frequency (f =
[200,300,400] Hz) micrometrical vibrations (X, € [0,160] pm). The experimental results qualitatively agreed with the model
prediction: as soon as the vibration started, the contact radius increased abruptly, while the average contact force remained almost
constant. When unloading started, the curve average contact radius @ versus average contact force F, followed the JKR contact
model, but with an enhanced work of adhesion, resulting in a pull-off force that experimentally we found up to 14.16 times larger
than the quasi static case without vibrations.

To quantitatively compare with the model predictions, we conducted an independent assessment of the rate-dependent adhesion
performance of the glass sphere-PDMS substrate interface. The rigid sphere was unloaded from the PDMS substrate at several
unloading rates, and the relation between the effective surface energy, 4y,,,, and the crack speed was obtained. During the
characterization, the vibration excitation of the substrate was switched off. Having obtained the parameters of the Gent and Schultz
adhesion law (v, = 44.5 pm/s and « = 0.531) for the interface, we exploited the mechanical model to predict the experimental
results. This resulted in a very satisfactory comparison, not only for single-value predictions such as the pull-off force, but also for
the entire evolution of average contact radius and contact force over time.

We found that model predictions become unreliable above a certain vibration amplitude threshold (X, ~ 100 pm in our tests),
where the experimental pull-off force saturates. Careful imaging of the contact area evolution at the point of pull-off revealed
that, at high vibration amplitudes, surface wrinkles appear in an annular region around the contact area, which may be related to
elastic instabilities due to the compressive circumferential stress arising within the contact area, which effect is not included in the
theoretical model. How and whether this contributes to the saturation of the pull-off force at high vibration amplitudes remains a
subject for further investigation.

In conclusion, we have provided a comprehensive mechanical model to accurately predict adhesion enhancement due to
mechanical vibrations without any adjustable parameters. Although we have demonstrated that the model quantitatively agrees
with the experimental results, several points still need to be clarified. These include the saturation of the pull-off force, the effect
of boundary conditions, the loading—unloading protocol, and the influence of material properties, which will be a matter of further
investigation.
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Appendix A. Characterization of the PDMS sample

Static (i.e. without vibration) and dynamic (vibroadhesive) tests were performed to characterize the mechanical response of the
PDMS sample. We used the same preload F,,=-250 mN for all the other tests. By fitting the quasi-static test at unloading (gray
markers in Fig. A.8) with JKR curves, we found 4y, = 236 mJ/m? and E; = 2.8 MPa. Similarly, also the dynamic tests were fitted
with “effective” JKR curves. We found that both 4y, rr and E;" . increased with X, (Fig. A.9), due to the viscoelastic nature of
the substrate. In particular, E . represents an “effective contact modulus” for the effective JKR model. The larger the vibration
amplitude, the larger the volume of the material excited, which yields an effective stiffening of the bulk. Indeed, below the indenter
there exists a volume of material V ~ za?§ that stiffens due to the indentation cycle, which is surrounded by a relaxed material,
which modulus is ~ E. The effective elastic modulus must take all this into account and it results in an effective stiffening when
X, hence V, increases. Notice that in our experiments the maximum ratio a/¢ never exceeded 1, hence finite size effects should be
considered minimal on the reported results (see Bentall and Johnson (1968), Perriot and Barthel (2004), Maghami et al. (2024a)).
As input for the numerical model, we used an average value of E* p = 4.5 MPa (see Fig. A.9). By using Eq. (9) in Maghami et al.
(2024b) for the complex compliance C (w) and considering the complex modulus E (w) = 1/C (w), one finds at f = 300 Hz a factor
|E 2xf)|/Ey ~ 1.9, which is very close to the stiffening factor used here, i.e. E, 7/ Eo = 1.6. Clearly, one should not expect the DMA
stiffening factor to plainly apply to our contact problem. The DMA test is performed as a uniaxial tensile test, with an oscillatory
strain of € = 0.1%, which clearly does not correspond to the multiaxial contact problem considered here. Modeling this effect is not
straightforward, since it would require a dedicate finite element numerical analysis that takes into account the layer thickness, the
viscoelastic nature of PDMS and its hyperelastic behavior, which goes beyond the scope of the present work.

Appendix B. Comparison with Shui et al. (2020)
Shui et al. (2020) has proposed a slightly different model for the system in Fig. 1 starting from the hypothesis that the effect of

the vibrating substrate can be taken into account by a forcing term f(f) ~ —ma? X, sin (w?). If, in the model proposed here, we write
the indentation as a function of the oscillator and base position

6 =x+x, =x+ X, sin(wt) (B.1)
5= x +x;, = x + X, cos (wr) (B.2)
§=x+x, = x — &’ X, sin (1) (B.3)

and substituting into the equilibrium equation Eq. (5), one obtains

mé+coé+k(6—x,) = —mw2Xb sin (wf) + cw X, cos (wr) + kX, sin(wf) + F, — F, 59 (B.4)
From the JKR model writing the contact force F, = % (% - 36), with K =4/3E*, and considering k — 0 and ¢ < mw, one obtains
% (35 - %) +mb + 6 = —ma* X, sin (1) (B.5)
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Fig. A.8. Average spring reaction force (F,) vs. average contact radius (@) curves for the quasi-static test (gray dots) and dynamic experimental tests (markers)
performed at f =300 Hz and X, = [20,40, 60,80, 100] pm with the corresponding JKR fits (black dashed lines). Notice that the black dashed lines reported should
be interpreted as JKR curves with effective properties, while the solid lines in Fig. 6a were obtained upon integration of the full dynamical model (Eq. (16)).
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Fig. A.9. Evolution of the effective contact modulus E* 't and effective work of adhesion 4y,,, as functions of the vibration amplitude X, (f = 300 Hz). The

data points were obtained by fitting the experimental force vs. contact radius curves at unloading with a JKR model, as shown in Fig. A.8.

which, apart from the convention of the sign, coincides with the equilibrium equation in Shui et al. (2020). Hence, the model
presented here, generalizes that presented by Shui et al. (2020), which broadly speaking would correspond to the “force controlled”
scenario. Starting from (B.5), Shui et al. (2020) have developed an approximate solution for the average contact force and average
contact radius which in our dimensionless notation reads

— Y=

= =3 =3 X

F=-a +Vé6a +% S Xy ; > 0,v<v, (B.6)

2

VG- 7Y+ (2c7)

2k

where the symbols {F,%} stand respectively for the average contact force and average contact radius, hence the pull-off force is
the maximum of F, which, in the supplementary information, Shui et al. (2020) estimates as
3/2 X, >0
= - ~\2 - (B.7)
po
Xk 1+(%) X,>0
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Fig. B.10. Pull-off force as a function of the vibration amplitude X,. The markers represent the experimental data, the present model is shown as a black solid
line while the predictions of Eq. (B.7) by Shui et al. (2020) are shown for ¢ = 0.0317 x 101%!234] as red, purple, blue, brown and green solid lines respectively.
The case shown corresponds to f =300 Hz.

Nevertheless, the predictions of Eq. (B.7) compared poorly with our experimental data (see Fig. B.10). The striking difference
between the model proposed here and the approximate solution derived by Shui et al. (2020) is in the definition of the damping
coefficient c. In the model proposed here ¢ includes the dissipative phenomena at play when the indenter is freely oscillating (not
in contact), while the dissipative contribution coming from the viscoelastic bulk have been independently characterized by the
Gent and Schultz law. Conversely, the model proposed by Shui et al. (2020), incorporates within the damping coefficient ¢ all the
dissipative phenomena of the system, including the hysteresis originated from the viscoelastic nature of the bulk material. In the
supplementary information of their paper, Shui et al. (2020) suggest that the damping coefficient should be determined from the
input power provided to the system, nevertheless it remains unclear how this should be related to the rate-dependent adhesive
behavior of the soft interface.

Going back to the system equilibrium of motion in the limit of force control (Eq. (B.5)), if one considers small vibrations around
an equilibrium position & = 6+ 6 4 sin (wt) and a = @+ a , sin (wt), assuming §, < 6 and a, < z and linearizing around the equilibrium
position, the indentation amplitude 6, would read

2
_ (/@) (B.8)

V(1= @/on) +46 0/

%4
Xy

46 |5=5
is only a simple linearized approximation of the system dynamical behavior. A full treatment of the nonlinear dynamical system
response is out of the scope of the present work.

being w,, = 4/ < dF. ) /m which gives the “resonance” frequency of the system. Notice that the latter is 5 dependent. Eq. (B.8)

Appendix C. High frequency model

In Fig. 2 it was shown that, for very large excitation frequency f > f,,c, the oscillations in the spherical probe indentation will
be fully determined by the substrate vibration. In this case it is possible to further simplify the governing equations of the system
by considering that X ~ 0, which implies the oscillator dynamics can be neglected and the system governing equations simplify as

~ (3 (~» 7 2 Ve e~y
-0y 8—5(11 —5) -1 ,ifd <0
- 1/a (C.1)

5(3—5(52—5)'2—1> if@ >0
0 3 E]

where & = &) + 77 + X, sin(f7), with &, representing the initial indentation at a certain preload giving &, as the corresponding initial
contact radius according to the “quasi-static” JKR model. The ODE function in Eq. (C.1) can be easily integrated, yielding the contact
radius evolution @(7) and, substituting into Eq. (11), the contact force. We refer to this as the “high-frequency” model.

Note that ignoring the oscillator dynamics is a valid approximation only in the high-frequency regime. Fig. C.11 compares

Rl
|

the dimensionless pull-off force fp(, as a function of the dimensionless excitation frequency f, obtained by integrating the full
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Fig. C.11. Comparison between the full numerical model (orange line) and the “high-frequency” model (blue line, Eq. (C.1)). The predictions of the dimensionless

pull-off force Fpo as a function of the dimensionless excitation frequency f for the two models converge for large values of frequency. Here the dimensionless
amplitude was fixed to X, = 8 and the unloading rate to 7= —0.1, which gives already a certain pull-off enhancement with respect to the quasi-static JKR case
Fyxp=3/2at f=0.

numerical model (Eq. (16), red curve) and the approximate high-frequency model (Eq. (C.1), blue curve). The high-frequency
model significantly underestimates the interfacial adhesion strength near resonance (f ~ 10), as it neglects the contribution of
the oscillator dynamics in the sphere indentation. However, as the frequency increases, this contribution diminishes, resulting in an
accurate estimation of the pull-off force without requiring integration of the full system.

Data availability

The dataset generated for this article is available on Zenodo at https://doi.org/10.5281/zenodo.14608773.
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