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ABSTRACT

Vibroadhesion, the modulation of interfacial adhesion by superimposing small-amplitude, high-frequency vibrations on an adhesive contact, offers a simple and fast
strategy to rapidly tune contact forces. A systematic understanding of how key geometrical and material parameters govern this behavior is still lacking. Here, we
present a comprehensive experimental investigation of vibroadhesion in viscoelastic PDMS-glass Hertzian contacts, examining the influence of substrate thickness t,
radius of the indenter R, material properties like modulus and thermodynamic surface energy, unloading rate r and preload Fy on the stickiness performance of
vibration-modulated interfaces such as: pull-off force Fpp, contact radius a, mean stress at pull-off 6pp, maximum enhancement with respect to the static adhesion
test, range of vibration amplitudes that sustain adhesion enhancement. We find that across all tests, vibration activation triggers an abrupt expansion of the contact
area, which upon unloading, results in a substantial increase of the pull-off force up to a saturation level always coinciding with the vibration level causing interfacial
instabilities at the interface (wrinkles). Although the absolute value of the pull-off force may be strongly influenced by geometrical and material parameters, the
maximum adhesion enhancement with respect to the reference static test remained consistently close to a 13-fold increase. We obtained the maximum mean stress at
pull-off of 186 kPa when indenting with the smallest sphere. The unloading rate r weakly affects the adhesive performance and the preload F, is nearly irrelevant in
determining the pull-off force Fpp. Taken together, these results provide both physical insights and practical guidelines for designing vibration-modulated adhesive

interfaces for rapid, reversible, and tunable adhesion.

1. Introduction

Controlled modulation of adhesion in soft interfaces is valuable for
gripping (Shintake et al., 2018), bio-integrated devices (Bae et al.,
2013), and reversible attachment (Liu and Yan, 2022; Duan et al., 2023;
Tan et al., 2024). Over the past decades, several approaches have been
proposed to design and tune adhesion properties, such as bioinspired
surface patterning (Hensel et al., 2018; Greiner et al., 2009; Zhang et al.,
2022; Peisker et al., 2013; Carbone et al., 2011), actuation via me-
chanical forces (Wang et al., 2022; Johannes et al., 2022), electric
(Caruso et al., 2025) and magnetic (Zhao et al., 2022; Drotlef et al.,
2014) fields, temperature (Linghu et al., 2024, 2025), light (Liu et al.,
2023), pH (Narkar et al., 2019) and pneumatic systems (Tang et al.,
2025).

Besides the many strategies cited above, superimposing small, high-
frequency normal oscillations on an otherwise quasi-static contact has
recently emerged as a remarkably simple and fast way to increase or
decrease adhesion on demand. In their seminal experiments, Shui et al.
(2020) conducted indentation tests using a rigid borosilicate glass lens
(radius of curvature R = 51.5 mm) suspended by a rubber band brought

in contact with a vibrating 3 mm-thick PolyDiMethylSiloxane (PDMS)
layer. Vibration frequencies and amplitudes were varied in the ranges of
100-800 Hz and 0-160 pm, respectively. For the first time, Shui et al.
(2020) demonstrated that tuning the amplitude and frequency of normal
vibrations produced changes in interfacial adhesion strength (i.e.,
pull-off force) ranging from complete suppression of adhesion to a
78-fold enhancement with respect to the static (without vibration)
indentation test establishing the basic phenomenology of what we here
refer to as vibroadhesion. Very importantly, the switching timescale
from high to weak adhesion was of the order of tens milliseconds, a
response time comparable to geckos (Autumn and Peattie, 2002).

The physical mechanism underlying vibroadhesion is viscoelastic
adhesion hysteresis. In fact, a soft contact can be described as an external
crack propagating or healing at the interface, which leads to viscoelastic
dissipation of energy, ultimately resulting in rate-dependent adhesion
(Persson and Brener, 2005; Maghami et al., 2024a; Wang et al., 2025;
Schapery, 1975; Greenwood and Johnson, 1981; Afferrante and Vio-
lano, 2022; Violano and Afferrante, 2022; Violano et al., 2021). As a
consequence, the effective (or apparent) work of adhesion Ay, depends
on the crack speed v = —da/dt (i.e., the rate at which the contact radius
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a decreases as the interface separates, in analogy with crack propagation
in fracture mechanics): it decreases upon crack closure and increases
upon crack opening with respect to the thermodynamic work of adhe-
sion Ay, (which is an interfacial property), in accordance with the
well-established semi-empirical model proposed by Gent and Schultz
(1972):

Ay, (1 + '% ),v > 0, (opening crack)
Ay = N @
Ay, (1 + '% ) ,v < 0, (closing crack)

where v is the crack speed and {vy,a} are the Gent-Schultz constants,
with vy a reference crack velocity and « the power-law exponent. For
broad-band materials, like PDMS 10:1 base to crosslink weight ratio, « is
about ~ 0.2 (Maghami et al., 2024b). This asymmetry results in a hys-
teresis loop when the viscoelastic interface is cyclically loaded and
unloaded within the vibration period leading to a dynamic modulation
of the effective surface energy (Tricarico et al., 2025; Yi et al., 2024).

More recently, Tricarico et al. (2025) employed a setup similar to
that of Shui et al. (2020), confirming the main findings but noticing that
the adhesion enhancement, defined as the ratio between the pull-off
force Fpp obtained under vibration and the “reference” value FSO ob-
tained under a static test (without vibration), strongly depends on how
the “reference pull-off” FQ,, is chosen. Shui et al. (2020) defined F3,, as
obtained unloading the spherical indenter after it had gently touched the
soft PDMS layer resulting in an almost vanishing preload Fy. Never-
theless, it is well known that in adhesive indentation tests the pull-off
force increases with the preload and then saturates. For this reason,
Tricarico et al. (2025) increased the preload up to the condition it did
not affect the pull-off force resulting in a minimum preload of |F.o| =250
mN. In the following we will refer to the latter procedure to determine
the reference pull-off force Pf,o. Tricarico et al. (2025) showed that when
unloading in presence of vibrations the unloading curves still follow a
JKR-like curve (Johnson et al., 1971) but with an increased effective
work of adhesion. Upon dynamic actuation, the contact area quickly
transitioned from the “static” to the “dynamic” JKR (Johnson et al.,
1971) curve, yielding a maximum 14-fold enhancement of the pull-off
force with respect to Fgo. Both studies (Shui et al., 2020) (Tricarico
et al., 2025) reported saturation of adhesion enhancement beyond a
threshold amplitude, after which abrupt degradation of the adhesive
properties is observed. Tricarico et al. (2025) introduced a lumped dy-
namic model for vibroadhesion based on a static characterization of the
adhesive properties of the interface through the Gent- Schultz law,
which was obtained fitting the results of several unloading tests con-
ducted without dynamic excitation. The determined Gent- Schultz law
was then included in the dynamic lumped model, which provided very
good predictions of the interfacial stickiness in vibroadhesion
experiments.

A recent work by Vi et al. (2024) has focused more on the possibility
to include vibroadhesion into a soft end-effector for robotic applications.
Differently from Refs. (Shui et al., 2020) (Tricarico et al., 2025), Yi et al.
(2024) have considered a vibrating PDMS hemisphere in contact with a
silicon wafer, demonstrating that the vibroadhesion-based modulation
can be effectively exploited to increase or weaken adhesion, where
controllable weakening typically happening at low vibration amplitude
(~ 5 p m). They studied the effects of sphere radii (ranging from 1 to 5
mm) surface roughness and material properties (via different PDMS
formulations). For a 1 mm radius, they reported a 25-fold enhancement
and a 50% reduction in pull-off force, relative to their static indentation
tests. Their results showed that maximum pull-off force scaled linearly
with sphere radius, in agreement with JKR theory, suggesting
size-independent enhancement of the effective work of adhesion. Sur-
face roughness was found to consistently reduce adhesion enhancement
already with roughness peak-to-valley Rz ~ 10 y m.
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Chen et al. (2025) exploited the idea of using vibration to modulate
not only normal but also tangential forces. They developed a
vibration-programmable adhesion/friction system consisting of a bio-
inspired pad with graded mechanical properties (obtained via graded
magnetic particle distribution). Their design achieves exceptionally high
shear strength (> 130 kPa), fast response times (< 30 ms), and robust
performance across tilted, rough, and vibrated surfaces.

From the theoretical perspective a few efforts have been made to
model the vibroadhesion phenomenon, mostly based on simplified
lumped models, both neglecting (Argatov et al., 2025; Ciavarella et al.,
2025) and including (Shui et al., 2020; Tricarico et al., 2025) dynamic
effects, with the latter models considering the indenter as a nonlinear
oscillator. Thus far, they are all based on the traditional JKR theory
(Johnson et al., 1971) extended to account for viscoelasticity through a
phenomenological Gent-Schultz law.

The aim of this work is to explore how design parameters such as
substrate thickness ¢, radius of the indenter R, material properties,
unloading rate r and preload F,, affect the adhesive performance of
vibration-assisted interfaces, in particular the pull-off force Fpp, the
contact radius a, the mean stress at pull-off 6pp, the maximum adhesion
enhancement Fpo /F,, and the range of vibration amplitudes that sustain
adhesion enhancement. Our results offer insights into the influence of
individual design choices on vibroadhesion performance, including the
design of grippers, manipulators, and adhesive pads. We found that
{Fpo, 6p0, Fpo /F3y } are highly influenced by the substrate thickness, the
radius of the sphere and the PDMS crosslink ratio (which in turns modify
both the relaxed Young modulus E, and Ay,), while the imposed
unloading rate r and the preload F.o are minimally influent. Interest-
ingly we find that the maximum average stress at pull-off (cpp = 186
kPa) was obtained with the spherical indenter having the smallest radius
of curvature (R = 13.1 mm), indicating the viability of vibroadhesion
also for miniaturized grippers and manipulators. Finally, we show that a
simplified numerical model for vibroadhesion, developed in
Ref. (Tricarico et al.,, 2025), can predict the same trends we had
observed experimentally. Ultimately, this work establishes the relative
importance of geometrical and rheological factors in determining the
performance of vibration-modulated adhesive interfaces and provides
design guidelines for devices exploiting vibroadhesion in applications
requiring tunable or selective adhesion.

2. Methods
2.1. PDMS synthesis

The PDMS substrates were made using the commercial silicone Dow
Sylgard 184®. Three batches were prepared, each with a different base-
to-curing agent weight ratio (5:1, 10:1, 20:1). The base and curing
agents were thoroughly mixed by magnetic stirring for 30 min and then
degassed under vacuum for 20 min at room temperature. The resulting
resin was then cast into petri dishes containing a glass slide (2.5 x 2.5
cm in-plane dimensions) previously treated with air plasma to enhance
bonding. For the PDMS 10:1 four sub-batches were prepared, in order to
get samples with different thicknesses (t = 1,3,5, and 10 mm). For all
the samples, curing was carried out in two stages: 48 h at room tem-
perature followed by 90 min at 75 °C. This curing procedure, adapted
from Delplanque et al. (2022), minimizes shrinkage-related warping,
preserving a flat surface.

2.2. Vibroadhesion tests

The experimental apparatus (shown in Fig. 1a and schematized in
Fig. 1b) has been thoroughly described in Ref. (Tricarico et al., 2025).
The PDMS samples were fixed onto a PMMA transparent beam, mounted
on two electrodynamic shakers (Dynalabs DYN-PM-250), that provided
the actuation. The PDMS sample was centered between the shakers, and
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Fig. 1. a) Vibroadhesion test setup, picture. b) Schematic of the vibroadhesion test setup. The motion of point “A” is controlled in order to get the desired loading/unloading
protocol. ¢) Example of a typical contact radius versus force curve during unloading in a vibroadhesion test (orange curve, X, = 40 um, f = 300 Hz) and in a static test (blue
curve, X, = 0). The data correspond to PDMS 10:1, t =3 mm, R =51.5 mm, r =5 um/s, F,o = —250 mN). The main features such as contact area jump and pull-off
instability points are highlighted. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

two piezoelectric accelerometers (DYTRAN 3055D1, 1-10,000 Hz)
positioned symmetrically beside it recorded the beam acceleration. The
input vibration amplitude X; was obtained via real-time double inte-
gration of the acceleration signals. Data was acquired using a Dewesoft
KRYPTON-6XSTG data acquisition system.

Three borosilicate glass lenses were employed as indenters (radii of
curvature R = 13.1,25.6 and 51.5 mm). Vertical approach and detach-
ment of the spherical indenters from the PDMS sample were performed
by motorized micrometric linear stage (Physik Instrumente, M-
403.2DG). The contact forces were measured by a force sensor (a uni-
axial S-beam load cell Futek LSB205, natural frequency 1180 Hz, reso-
lution 1 mN) placed between the sphere and the linear stage. To isolate
the load cell from high-frequency axial vibrations, a pre-tensioned
rubber band was inserted as a compliant buffer between the indenter
and the load cell. A calibration of the rubber element was performed by
recording force-displacement curves at the same loading rate used in
testing, yielding an estimated stiffness of k = 320 N/m.

Contact area imaging was performed using a high-resolution camera
(Alvium, 1800 U-2040 m, 20 MP, pixel size 2.74 pm, max frame rate 10
fps, shutter exposure time 5ms), placed beneath the sample. The contact
radius was determined from optical images of the contact area by post-
processing the acquired frames using a custom image analysis routine,
implemented in Wolfram Mathematica.

The testing protocol consists of a loading phase, up to a set preload of
F,y = — 250 mN, with a loading rate of 100 um/s, followed by a 60 s
dwell period to allow for material relaxation. Then, the substrate vi-
brations were activated manually by adjusting the amplifiers gain.
Following an additional 60 s stabilization phase, the sample was
unloaded at an unloading rate of r =5 pm/s. All experiments were
conducted at a room temperature of approximately 20 °C.

Each test was performed three times: during every trial the force-
—time signal was recorded, while images of the contact area were
captured only once.

2.3. Characterization of interfacial adhesion

To characterize the rate-dependent adhesive behavior of the
PDMS-glass interfaces, we first measured their quasi-static properties
(Ey, Ay,) using a classical JKR indentation test. The indenter was driven
into the PDMS substrate at a loading rate of 100 pm/s, after which the
contact was held for 60 s to allow material relaxation. The unloading
phase was then performed at r = 1 pm/s. Note that the unloading rate
used in this section (r = 1 um/s) refers only to the quasi-static charac-
terization tests (JKR fitting), whereas a higher unloading rate (r =
5 um/s) was employed in vibroadhesion experiments, as described in
Section 2.2.
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The resulting unloading curve, representing the relationship be-
tween contact radius and contact force, was fitted using the JKR model
(Eq. (2)) to extract the work of adhesion (Ay,) and the relaxed contact
modulus (Ey).

4E a® / . 3
F= — 3R + 1/ 8nAy,Eya 2)

A summary of the material properties obtained for the PDMS 5:1,
10:1 and 20:1 is reported in Table 1, while the full experimental data
with the relative JKR fits are shown in Fig. S1. As expected, we found
that PDMS layer with high base-cure agent ratio are more compliant and
stickier. We found that the PDMS 5:1 layer was 3.6 times stiffer than the
PDMS 20:1 layer, while as regards Ay, the PDMS 20:1 layer was about
2.7 times stickier than the PDMS 5:1 layer. For the rate-dependent
interfacial characterization, the layer with thickness t = 5 mm was
used. We conducted adhesion tests where the indenter was unloaded
from a relaxed substrate, after a long dwell time, at different unloading
rates ranging from 1 to 1000 pm/s. By post-processing the experimental
results obtained and using the JKR contact model the effective work of
adhesion Ay, can be obtained

(Fy — Fe)?

Ayeff =

where Fy = (4 E; a®) /(3R) is the Hertzian load, a is the contact radius, R
is the sphere radius, and F¢ is the normal contact force measured by the
load cell. The empirical Gent-Shultz model (Eq. (1)) was used to deter-
mine the parameters vy and a for each sample (see Table 1). The
resulting Gent-Shultz curves are showninFig.S2 and Fig.S3.
We found a in the range 0.55 — 0.65 while as regards vy, it diminishes
while increasing the base to cure agent ratio, implying in softer layers
viscoelastic dissipation is activated at a lower crack velocity.

3. Experimental results

Fig. 1 shows an example of a typical indentation test for a PDMS 10:1
layer with thickness 3 mm and using the indenter with radius of cur-
vature R = 51.5 mm: the evolution of the contact radius a versus the
contact force F is shown for a classical static (i.e. with X;, = 0, blue
curve) and dynamic (i.e. with X;, > 0, orange curve) test. We will define
“static” and “dynamic”, the tests for which X, = 0 or X;, > 0 respectively,
during the unloading phase. In both tests the interface was preloaded at
Fep = —250 mN and let to relax after loading without vibrations. In the
static test once the unloading phase starts at r =5 ym/s the contact
radius shrinks continuously, up to the instability point, where, in this
test, the maximum adhesive force (pull-off) measured was Fpp = 49
mN. In the dynamic test, after substrate relaxation, vibrations are acti-
vated (X, = 40 pm; f = 300 Hz) resulting in a sudden jump of the
contact radius from a,p = 1.8 mm to apee = 2.9 mm, which represents
an increase of about 61%. Note that the presence of the compliant
rubber band from which the indenter is suspended does not result in a
change in the preload, which remains close to 250 mN. In the dynamic
test the unloading phase starts at a contact radius markedly larger than
the static test and detachment takes place at an instability point, where
the pull-off force is about 660 mN, i.e., 13 times larger than the static

Table 1
Material properties and Gent-Schultz parameters of the PDMS samples.

Sample Static material properties Gent-Shultz
parameters
material Thickness E, Ayy (mJ/ vo (mm/ a
(mm) (MPa) m?) s)
PDMS 5:1 5 5.4 143 0.0963 0.614
PDMS10:1 5 2.7 202 0.0786 0.654
PDMS20:1 5 1.5 380 0.0284 0.558
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value in the same conditions.

In the following we will refer to amq, as the maximum contact radius
reached once vibrations are activated, a.y the contact radius under the
preload F,, without vibrations, app the contact radius at pull-off
(Fig. 1c). In the remainder of this manuscript, the effects of sample
thickness, sphere radius, PDMS crosslinking ratio, unloading rate, and
preload are investigated.

3.1. Effect of sample thickness

Vibroadhesion tests were carried out on the four PDMS 10:1 samples,
with thickness t = [1,3,5,10] mm and using the indenter with radius of
curvature R = 51.5 mm. The actuation frequency was set to f = 300 Hz,
while the amplitude X}, were set to O (i.e., no vibrations), 20, 40, 60 and
80 pm. During unloading the free end of the spring (point A in Fig. 1b)
was driven at the rate of r = 5 pm/s, which for the static test without
vibrations resulted in a pull-off force of Fpp ~ 58 mN for all the thick-
nesses considered.

As illustrated in Fig. 2a, the substrate thickness strongly affects the
range of amplitudes over which enhancement is observed. This range
widens as the thickness increases from 1 to 5 mm and then narrows
again with t = 10 mm. Interestingly, the maximum amplification of the
pull-off remains nearly constant with thickness (~ 11 — 13 times the
static value), but it can be reached at lower amplitudes for the thinnest
layer. For instance, a maximum pull-off force of Fpp = 735 mN can be
reached at X;, = 20 pm for t = 1 mm, while a maximum Fpp = 799 mN is
recorded at X = 60 pm for t = 5 mm.

Once the vibrations are activated, the maximum contact radius dmax
increases monotonically with X;, (Fig. 2b), which we relate to larger
oscillations of the contact radius during one vibration period, that leads
to an increased viscoelastic dissipation at the crack tip resulting in a
greater apparent surface energy (Shui et al., 2020; Tricarico et al., 2025;
Argatov et al., 2025; Ciavarella et al., 2025). Comparing Fig. 2a and b, it
can be observed that even when the pull-off force starts declining the
maximum contact radius does not. This results in a reduction of the
mean stress at pull-off 6po = Fpo/(ra},), which can be seen in Fig. 2c.
Generally, we found opp decreases with Xj in all cases, except for t = 5
mm when it peaks at X; = 20 pm (Fig. 2¢). Fig. S8 reports the measured
contact radius at pull-off app for all the tests shown in Fig. 2.

Inspection of micrographs of the contact area patch at pull-off as a
function of the base vibration amplitude X, and for all the thicknesses
(Fig. S4) provides insights in the mechanism leading to the unstable
detachment of the interface. Fig. 2d reports the case related to the
thickness t = 10 mm. As the vibration amplitude increases, radial sur-
face instabilities (wrinkles) appear at the contact periphery (see also Ref
(Tricarico et al., 2025).). In all the tests the pull-off force strongly
reduced when wrinkles appeared on a large region of the contact area as
it can be noticed for the t = 1 mm sample at X;, = 40 pm (Fig. S4) and for
t =10 mm at X, = 60 pm (Fig. 2d).

The substrate thickness t strongly influences how the base vibration
is transmitted to the PDMS-indenter interface. The thicker the sample
the further the excitation is applied with respect to the contact interface.
Moreover, from the quasi-static JKR fit of the contact radius versus
normal force curves, it appeared that the effective modulus obtained
from the JKR model decreases for thicker layers (see Table S1), as the
PDMS slab is bonded to a glass slide which may be considered rigid with
respect to the PDMS. Hence, for a given vibration amplitude, thinner
layers transmit stronger excitation to the contact interface, which ex-
plains why at low vibration amplitudes thinner layers exhibit larger
enhancement of the pull-off force. This phenomenon may be exploited to
efficiently design adhesive pads that require smaller actuation ampli-
tudes to obtain similar adhesive performance. At large vibration am-
plitudes nonlinear phenomena resulting in interfacial instabilities
(wrinkles) have been observed for all the thickness tested, suggesting
that this is the main mechanism degrading the adhesive performance of
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Fig. 2. Effect of thickness. Evolution of a) pull-off force, b) max contact area and c) pull-off stress with varying vibration amplitude of the base. d) Micrographs of
contact area at pull-off for each X}, for the sample t = 10 mm (scale bars 1 mm). The tested material was PDMS 10:1, the other parameters were fixed to: R = 51.5
mm, r =5 pm/s, Fop = —250 mN. Error bars indicate the standard deviation calculated from three test repetitions.

vibroadhesive interfaces.

3.2. Effect of sphere radius

To examine the influence of the indenter radius of curvature, three
borosilicate glass lenses with radii R = [13.1,25.6,51.5] mm were tested
on a PDMS 10:1 layer of thickness t =5 mm at f = 300 Hz and X; =
[0, 20, 40, 60, 80] pm. Fig. 3a shows the pull-off force evolution with X
for each indenter employed. In the static tests the pull-off forces scaled
with radius as one would expect from JKR theory, nevertheless in the
dynamic tests the same scaling is not preserved, with the indenter with
radius R = 25.6 mm showing better adhesive performance at X =
40 pm with respect to both the indenters with smaller and larger radius
of curvature, but then showing very low adhesion for X; > 60 pm. The
radius of curvature affects also the width of the amplitude range over
which adhesion enhancement takes place, although we could not iden-
tify a clear trend. Fig. 3b shows the pull-off enhancement which is the
pull-off force (Fpp) normalized by its static value obtained for each
indenter (FJ,). Fig. 3b indicates that, when normalized, the maximum
enhancement obtained is similar for all the indenters (in the range ~
11 — 14) irrespectively of their radius of curvature. Also, at low vibra-
tion amplitude, the smaller radii of curvature provide a greater
enhancement, while the indenter with R = 51.5 mm still sustains a large
adhesive force for strong base excitation (Fpo /15‘1‘3O ~ 14atX, =

80 pm). Interestingly, before surface instabilities appeared, we found
the mean stress at pull-off opo for the indenter with the smallest radius of
curvature (R = 13.1 mm) to be in the range of opg = 150 — 200 kPa,
outperforming the larger radii indenters (R = 25.6 mm and R = 51.5
mm) for which 6pp = 50 — 100 kPa, a typical range in our experiments
(Fig. 3c). This result suggests that miniaturization of vibroadhesive pad
design might be possible, without degradation of their adhesive
performance.

The maximum contact area reached during the tests increases with
X, consistently to what was observed for varying thickness (Fig. S6).
Micrographs of the contact area patch at pull-off for all the indentation
tests are shown in the SI (Fig. S5) while Fig. 3d the micrographs relative
to the indenter with radius R = 25.6 mm are shown. Inspection confirms
also in this case that the pull-off force abruptly reduces when surface
instabilities appear surrounding the contact patch, as observed in
Fig. 2d.

3.3. Effect of PDMS mixing ratio

In order to explore the effect of different material properties on the
vibroadhesive performance, we carried out the same set of vibroadhe-
sion test (f = 300 Hz, X, = [0, 20, 40,60,80] pm) on PDMS substrates
with thickness t = 5 mm prepared with different mixing weight ratios (i.
e., base: crosslinker), namely 5:1, 10:1 and 20:1. The mixing ratio reg-
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Fig. 3. Effect of sphere radius. Evolution of a) pull-off force, b) pull-off normalized by its static value and c) pull-off stress with varying amplitude of the base vibrations for R =
[13.1,25.6,51.5| mm. d) Micrographs of contact area at pull-off for each Xy, for the sphere R = 25.6 mm (scale bars 1 mm). The tested material was PDMS 10:1, the other

parameters were fixed to: t =5 mm, r = 5 um/s, Feo = —250 mN.

ulates the crosslink density, affecting both the elastic modulus and the
work of adhesion (see Table 1). In particular, the composite elastic
modulus decreases and the work of adhesion increases with crosslink
density.

As shown in Fig. 4a, the material composition significantly affects
the amplitude window for enhancement. As seen in Fig. 3a the PDMS
10:1 substrate exhibits a monotonous enhancement with amplitude
within the 0 — 80 pm range, contrary to its 20:1 and 5:1 counterparts. In
PDMS 20:1, pull-off force peaks at 60 pm and then decreases, while in
PDMS 5:1 it peaks already at 20 pm and then suddenly drops to 0 at 40
pm. This behavior strongly resembles that observed in Fig. 2 changing
the thickness of the substrate: stiffer materials or thinner substrates
improve adhesion enhancement at low vibration amplitudes, neverthe-
less Fig. 4a shows that in absolute value the softer and stickier material
(PDMS 20:1) can reach very high adhesive forces (max(Fpo) = 1300
mN) compared to the low crosslink ratio PDMS substrates. The behavior
of PDMS 5:1 resembles the one of PDMS 10:1 with t = 1 mm (Fig. 2),
with a large enhancement already occurring at low X, = 20 pm, fol-
lowed by adhesion suppression for larger oscillations.

When we analyze the maximum contact area (Fig. 4b) and the con-
tact area at pull-off (Fig. S8c) we observe trends similar to Fig. 2b and
Fig. S8a, respectively, with aysx increasing with X; across the whole
range, while app decreases when the pull-off force decreases. In terms of
pull-off stress (Fig. 4c), 6po remains in the usual range of 50— 100 kPa,
generally decreasing with the vibration amplitude X3. Consistently with

previous results, we find in PDMS 20:1 that the reduction of pull-off
force between X; =60 pm and 80 pm coincides with the onset of
radial wrinkling at the contact edge (Fig. 4d and Fig. S5).

3.4. Effect of unloading rate

The influence of unloading rate was investigated using the PDMS
20:1 substrate, with thickness t = 5 mm and radius of the indenter R =
51.5 mm. Vibroadhesion tests were performed with the standard loading
protocol (Fo = — 250 mN), this time employing unloading rates
covering two orders of magnitude (5, 50 and 500 pm/s). We observed
that, when X;, > 0, the unloading rate has a small effect on the pull-off
forces, even negligible up to 50 pm/s. This is in contrast with the static
case (i.e., X, = 0) where changing the unloading rate from 5 to 500 pm/
s is sufficient to enhance the pull-off force from Fpp = 136 mN to Fpp =
382 mN, a factor ~ 3. (Fig. 5a). If we observe the pull-off enhancement
Fpo /FY,, considering as a reference the pull-off force F3, obtained under
static conditions for each value of r (Fig. 5b), it is clear how the effect of
microvibrations becomes less significant with increasing r. In other
words, the larger the rate of unloading the smaller the toughening effect
that can be obtained by superposing high frequency microvibrations.
The maximum enhancement (with respect to the non-vibrating case)
always occurred at X, =60 pm, but dropped from ~10 to ~4 by
increasing the unloading rate from 5 to 500 pm/s. Notice that at high
unloading rates the application of microvibrations can result in a slight
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Fig. 4. Effect of PDMS mixing ratio. Evolution of a) pull-off force, b) max contact area (at dwell time) and c¢) contact area at pull-off with varying amplitude of the
base vibrations. d) Micrographs of contact area at PO for each X, for the sample PDMS 20:1 (scale bars 1 mm). The other parameters were fixed to: t = 5 mm, R =
51.5 mm, r = 5 pm/s, F,o = —250 mN. Error bars indicate the standard deviation calculated from three test repetitions.
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Fig. 5. Effect of unloading rate. Evolution of a) pull-off force, b) pull-off enhancement (with respect to the case X;, = 0 at each r) with varying amplitude of the base
vibrations. ¢) Evolution of pull-of enhancement with r, with varying Xy,. The tested material was PDMS 20:1, the other parameters were fixed to: t = 5 mm, R = 51.5
mm, F,p = —250 mN. Error bars indicate the standard deviation calculated from three test repetitions.

decrease in the pull-off force (see Fig. 5, X;, = 20 ym; r =500 pm/ s and 3.5. Effect of preload

Fig. S10). Analogously to pull-off force, also amqy, 6po and apo (Fig. S8

and S10, respectively) are only slightly affected by the unloading rate Finally, we studied the effect of preload on the pull-off enhancement.

variation. We performed vibroadhesion tests on a PDMS 20:1 substrate, 5 mm
thick, fixing r = 500 pm/s and R = 51.5 mm. Every indentation test was
repeated with three different preloads of F, = —400 mN, F,y = —250
mN and with vanishing preload F,, =~ 0 mN (prior to base excitation,
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the indenter was slowly approached to the substrate surface, just until
the “jump into contact” occurs). The results of the three series of tests are
compared in Fig. 6.

Fig. 6a shows the pull-off force as a function of the base vibration
amplitude X, for the three preloads studied. By comparing the pull-off
force results from the three sets of experiments it is clear that while
the preload strongly affects the pull-off force in static experiments (X, =
0) it has almost no influence in vibroadhesion tests (Fig. 6a). As shown
in Fig. 6b, for X, > 20 pm, once actuation begins, the contact radius
rapidly transitions to its “amplified” value, regardless of the initial
preload. For X}, = 20 pm, increasing the preload leads to an approxi-
mately 25% increase in the contact radius; however, this change is
insufficient to produce a corresponding rise in pull-off force. Similarly,
the pull-off stress (Fig. 6¢) and the contact radius at pull-off (Fig. S8e)
remain largely unaffected by the preload.

4. Numerical predictions

We employed the numerical model developed in Ref (Tricarico et al.,
2025). to qualitatively predict the trends observed in the experimental
campaign. We adopted the “high-frequency model”, which simplifies the
adhesive contact problem by neglecting the dynamics of the nonlinear
mass-spring system. The contact interactions are described via the JKR
contact model (Johnson et al., 1971) enhanced with an effective surface
energy accounting for the viscoelastic dissipation at the crack tip.
Inverting the Gent-Schultz (Gent and Schultz, 1972) law (Eq. (1)), with
the hypothesis to neglect the oscillator dynamical response one obtains
(Tricarico et al., 2025)

1
E a? 2 ¢
—Vo {m (E - 6) — 1} ,a(t) <0,

a(t) = X )
2 -2 «
Yo |:27[ aAJ/o (a_ _ 5) _ 1:| ,d(t) > 07

E R

where a dot superposed indicates a time derivative hence the crack
speed isv = — a. The indentation depth 6(t) = 8o + rst + X} sin(2zf t) is
imposed by the loading protocol, with r; being the rate of unloading of
the rigid sphere and §. the indentation under the preload F,, according
to the JKR model (Johnson et al., 1971) with relaxed elastic modulus.
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Integrating the ODE in Eq. (4) yields the time evolution of the contact
radius a(t) and the corresponding force history F(t) follows directly from
the JKR model (see Ref. (Tricarico et al., 2025) for the detailed deri-
vation). The model assumes a rigid sphere indenting an elastic
half-space and therefore does not capture finite-thickness effects. Vari-
ations in sample material and thickness were simulated solely through
changes in the effective modulus E*, while parameters such as sphere
radius, unloading rate, and preload were varied directly. The input pa-
rameters employed in the simulations are listed in Table S2 and are
typical for a soft silicone.

The numerical results are shown in Fig. 7. Increasing the sample
elastic modulus (Fig. 7a) leads to a large pull-off force enhancement at
smaller X}, consistent with our experimental observations for decreasing
thickness (Fig. 2a) and stiffer PDMS formulations (Fig. 4a). It should be
emphasized that the model is based on linear elasticity and therefore
does not incorporate nonlinear phenomena, such as wrinkle formation
(Tricarico et al., 2025), that are responsible for the decay of the pull-off
force at large vibration amplitudes. The simulations also predicted an
inverse proportionality of pull-off force enhancement with the sphere
radius (Fig. 7b). Experimentally (Fig. 3b), this trend is observed only at
small amplitudes (i.e., X, = 20 pm); at larger amplitudes, nonlinear
interfacial instabilities appear earlier for smaller spheres, as confirmed
by micrographs of the contact patch near pull-off (Fig. S5), which makes
this trend difficult to observe on large range of substrate vibration am-
plitudes. The unloading rate was found to affect the pull-off force only
for small vibration amplitudes X; (Fig. 7c¢), in good agreement with the
experimental trend (Fig. 5a). Notice that, in the numerical simulation
the sphere is unloaded at a prescribed rate r;, whereas in the experi-
ments the controlled parameter is the retraction velocity of the slider r
(point A in Fig. 1a), which is larger than the actual unloading rate
experienced by the indenter, due to the presence of the rubber band
buffer. Finally, the numerical model reproduced the negligible influence
of the preload on pull-off force (Fig. 7d), in agreement with the exper-
imental findings (Fig. 6a).

5. Discussion
We have presented a comprehensive experimental investigation

exploring the effect of material and geometrical parameters including
substrate thickness t, indenter radius R, material properties (E;, Ay,),
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Fig. 6. Effect of preload. Evolution of a) pull-off force, b) max contact area and c) pull-off stress with varying vibration amplitude of the base. The tested material was
PDMS 20:1, the other parameters were fixed to: t =5 mm, R = 51.5 mm, r = 500 pm/s. Error bars indicate the standard deviation calculated from three test

repetitions.
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Fig. 7. Numerical results illustrating the dependence of pull-off force on vibration amplitude for different (a) effective contact modulus, (b) sphere radius (reported
as pull-off enhancement with respect to the static test), (c) unloading rate, and (d) preload.

unloading rate r, and preload F,, on the adhesive performance of
vibration-modulated soft contacts. In particular we focused on the pull-
off force Fpp, on the pull-off force enhancement with respect to the static
test Fpo /Pgo, on the maximum contact radius that is reached upon vi-
bration activation amg, and on the average stress at pull-off 6pp.

Across all experiments and parameters combination, the activation
of the base microvibrations produced a characteristic sudden expansion
of the contact area, with the amount of increase depending on the test
parameters. Upon unloading, the pull-off force Fpo initially increases
with the vibration amplitude X}, then suddenly drops at higher Xj,. In all
the tests, the Fpp decay coincided with the onset of radial surface in-
stabilities (surface wrinkles), a nonlinear phenomenon that we identify
as the primary mechanism responsible for adhesion degradation in
vibroadhesive contacts. Regardless of the substrate thickness t and
sphere radius R, the maximum enhancement of the pull-off force relative
to the static test remained within the range Fpo/FS, = 11— 13.
Conversely, {t,R} strongly influence the range of vibration amplitudes
over which adhesion enhancement is sustained: smaller values of t and R
providing higher adhesion enhancement Fpo/FS, for a given X,. The
mean stress at pull-off, 6pp, was generally found in the range 50— 100
kPa, with the exception of the smallest indenter radius (R = 13.1 mm),

which reached 6pp = 186 kPa. This suggests the feasibility of designing
miniaturized adhesive pads with appreciable adhesive performance.

In our experiments, PDMS formulations with base to crosslink weight
ratio 5:1, 10:1 and 20:1 were employed. In absolute terms, softer sub-
strates exhibited higher pull-off forces, nevertheless this increase was
accompanied by a substantially larger contact area, resulting in a lower
average stress at pull-off for the softest formulation (20:1). The base to
crosslink ratio strongly affects the range of vibration amplitudes that
sustain adhesion amplification. In particular, the stiffest PDMS 5:1
showed a peak in adhesion force already at X, = 20 pm and a vanishing
adhesion force at X, = 40 pm, qualitatively resembling the behavior of
thin substrates. Preload and unloading rate were found to have no sig-
nificant influence on the pull-off force. However, in terms of enhance-
ment Fpo/FY,, higher unloading rates increase the static pull-off force
FS,, thereby reducing the relative amplification achievable through
microvibrations.

It is worth highlighting that, due to the substrate vibrations, the
indentation depth can be decomposed into a mean value § and an
oscillating component 4. Previous work (Tricarico et al., 2025) has
shown that, when the excitation frequency is much larger than the
resonance frequency of the indenter (as in the present setup), the
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oscillating component satisfies 54 ~ X;. The mean indentation & can be
estimated using the JKR model (Johnson et al., 1971). As an example, let
us consider the pull-off condition. In load control, the indentation at
pull-off is given by:

2
_ 1R [ Ay \ 2
6 = 3 2)3= h_eﬂ‘
ro = (3%°) 4<EéffR

Using a representative parameter set from our experiments (i.e.,
PDMS 10:1,t = 5mm and R = 51.5 mm, Eef = 4.5 MPa (Tricarico et al.,
2025), and Ay.; = 202 x [2,6,12,14] mJ/m?, corresponding to X, =
[20,40,60,80]p m, see Fig. 3b) we obtain p =
[5.8,12.0,19.1,21.1] pm. This yields a nearly constant ratio X,/ dpo =
84/0po ~ 3.4 across the explored range. This analysis suggests that, in
vibroadhesion problems, the externally imposed oscillatory component
of the indentation depth dominates over its mean value.

Furthermore, we showed how a simplified numerical model intro-
duced earlier in Ref (Tricarico et al., 2025). qualitatively reproduces
most of the observed experimental trends, within the regime where the
material response can be reasonably approximated as linear (PDMS 10:1
behaves linearly up to strains of about 40% (Pal and Bhattacharyya,
2025)). Viscoelasticity is incorporated through the Gent-Schultz
power-law relation, which introduces a rate-dependent effective work of
adhesion. However, the model does not capture nonlinear effects such as
interfacial instabilities (e.g., wrinkle formation) or finite-thickness ef-
fects, which become relevant at larger vibration amplitudes. A more
accurate description of these regimes would require advanced consti-
tutive models (e.g., hyperelasticity (Lin et al., 2009) and large de-
formations (Ceglie et al., 2025)) and is left for future work. Despite these
limitations, the model successfully captures the main qualitative trends
and provides a useful framework for interpreting the results and guiding
the design and optimization of vibroadhesive systems.

(5)

6. Conclusions

In summary, we conclude that the primary parameters governing the
adhesive performance of a vibroadhesive pad are the material properties
(ES,A;/O), the substrate thickness t and the radius of the indenter R, while
preload F,y and unloading rate r play a secondary role. For the design of
more efficient vibroadhesive interfaces, thin layers offer the significant
advantage of achieving adhesion amplification comparable to thicker
substrates at substantially lower vibration amplitudes, which can be
exploited to reduce energy consumption of the vibration-modulated
interface. Stiffer materials provide a similar advantage, albeit at the
cost of a marked reduction in the maximum attainable adhesion force.
Overall, this study provides both physical insights and practical guide-
lines for designing vibroadhesive interfaces through geometrical and
material properties, paving the way for the development of actively
controllable adhesive systems and advanced gripping devices.
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