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Abstract Soft adhesive pads attached to a rigid substrate show stick-slip behavior upon loading: they detach
and reattach in a different location. This is accompanied by the lifting of the adhesive, the mechanical wave
carrying this motion being known as a Schallamach wave. Especially for pads with a stiffer backing that
are loaded parallel to the substrate, the reattachment behavior is crucial for the determination of the failure
mechanism. Here we use finite element simulations to capture this kind of behavior, making use of tailored
reversible cohesive elements allowing this type of reattachment. We manage to reproduce and explain the
driving force for the behavior. While the observation of this type of Schallamach waves is widely recognized,
and while numerical methods have been developed to deal with adhesion-friction coupling in adhesive spheres
or cylinders, their representation past the instance of reattachment in finite element simulations of soft adhesive
surface-surface interactions is new. We suggest that with rather limited and straightforward interventions in
the cohesive law, reattachment can now be represented for soft adhesive detachment, but also in other fields.
The better understanding of the mechanics driving this type of behavior and the different detachment modes,
could inspire further applications in robotic grippers and even in earthquake engineering.
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1 Introduction

1.1 Soft Dry Adhesive Technology

Soft, dry adhesives are a subcategory of pressure-sensitive adhesives: they are elastomers with a very low
stiffness. Because of their soft nature, they easily stick to hard surfaces upon application of pressure. Ad-
vances in dry soft adhesives technology and the corresponding production methods, have allowed to expand
their application to robotics and even medicine. Some detailed examples are presented in Appendix [Al The
development of these applications has been possible thanks to more fundamental research on the general
behavior of soft dry adhesives. In spite of all the research efforts, adhesion based mobility exhibited in the
animal kingdom has yet to be matched in synthetic systems, and no unified theory predicting detachment
mechanisms exists. This work has the aim to contribute to a better understanding of how soft adhesives work,

to ultimately improve the existing applications, but also to feed the potential rise of new applications.

Examples of adhesion in nature include geckos and spiders that can climb on vertical reversed surfaces: their
feet exhibit strong adhesive capacities and high-speed reversibility. The gecko for example, can hang from a
wall with only one foot. In the time frame of less than 100 milliseconds, they can detach and reattach to a

surface. This reversibility is unlimited, as the feet's adhesive capacity does not decline [Zhou et al., [2013].

Until now, a vast body of literature has been dedicated to understanding such natural adhesives, which have
been shown to rely on Van Der Waals forces and thus allow detachment and full reattachment, even on
rough surfaces. The high-speed movement has been explained by the hierarchical fibrillar structure of the feet
(illustrated in Figure and the directional adhesion. Geckos detach their feet by changing the angle between
the surface and their feet, which is argued to be the main factor determining adhesive capacity [Autumn et al/
2002} |Geim et al., 2003, [Autumn et al., [2006]. This detachment can happen very fast, as they already subject
their feet to frictional forces by sliding them over the surface during attachment. In this manner, the whole

feet are subjected to a stress already during attachment and not much additional energy to reach detachment

is necessary. As soon as the angle between the surface and the foot is then changed by the gecko's muscle

movement, the whole foot will detach rapidly [Cheng et al.| 2012].

(a) (b)

Figure 1: The fibrillar features in geckos that have been used to explain the exceptionally high adhesive capacity combined with

the fast reversibility of adhesion on gecko feet. Figure from 2005].
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While a large portion of the literature focuses on these fibrillar features and the directional adhesion properties
[Gu et al. |2016, Brodoceanu et al., {2016 |Li et al.| [2016} Eisenhaure and Kim| [2017, |O'Rorke et al., 2016],
an alternative group of studies has been devoted to understanding how the stiffness of the adhesive surface

layer is of importance. They state high adhesive strengths can be reached without fibrillar features, by using
a bi-layered adhesive: a soft adhesive layer with a stiffer non-adhesive backing. This type of adhesive has
shown large adhesive capacities on a stiff, smooth surface like glass |[Jagota and Hui, 2011} Bartlett et al.
[2012} |Risan et al} 2015| |Cohen et al.| |2018| |Liu et al.} [2019].

adhesive

adhesive stiffer backing surface

pad soft adhesive

substrate

Figure 2: The zero-degree pulling test of the bi-layer adhesive. On the bottom is the stiffer surface to which the adhesive pad is
adhered in black. The red and blue layers are polymers of finite thickness, while the red layer is an adhesive. The blue layer or
backing is being pulled parallel to the surface.

Extensive research has been conducted on single-layer adhesives and their peeling behavior from a stiff sub-
strate, as illustrated in Figure 3] The term peeling refers to the process of detachment of the surface area. A
large part of the more recent research has focused on finding a physical explanation of experimentally observed
failure behavior of soft adhesives, mostly under an angle, as evidenced by multiple review studies
[Ciccottil 2016| Noori et al., 2016, [Federle and Labonte, 2019, [Skopic and Schniepp| 2020], and for example
the study of peeling of infinitely long pads under an angle by Xia et al.|[2013] and |Pesika et al.|[2007], or the
study of peeling of infinitely thin adhesive tapes [Yin et al., [2020, He et al.,2019a| |Peng et al., 2019]. Some
studies have already considered the bi-layer adhesive by considering a thin film under an angle with enhanced
bending stiffness, thus for a linear case |Garg and Datla, 2019, Xia et al., [2013| |Peng and Chen| 2015} Sauer,
[2011a [Xu et al,[2019| [He et al,[2019a]. Finite element models for these have been investigated as well [Wei
[2004] [Thouless and Yang], [2008, [Mohammed et al. [2013] [Cheng et al. 2012} [Biel and Stighl, 2017} [Cheng

et} 2012

e

P

L 0

substrate

Figure 3: lllustration of the single-layer adhesive peeling test under an angle 6. The red material is the adhesive of a finite
thickness h and pulled with a force P. Figure from [Creton and Ciccotti| [2016].

New research in the field continues as well. More recently, [Eisenhaure and Kim| [2018] investigated the
influence of the degree of cross-linking on the adhesive properties of shape memory polymers, and
investigated the influence of visco-elastic behavior of the adhesive on its rate-dependent response.
[Ozbolat et al.|[2018] also reported that the 3D printing of soft adhesives for medical applications significantly
increases their strength of adhesion and bulk mechanical properties. A question still under investigation, refers
to the production of controllable adhesives that can rapidly attach and detach [Croll et al} 2019, [Risan et al.}
. Additional considerations on the extent of rate-dependence of the peeling behavior were scrutinized in

2019).
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1.2 Bi-layer Soft Adhesive Pads under a Zero-Degree Pulling Test and Stick-Slip

Bi-layer adhesive systems show especially interesting physics due to their high load-bearing capacity. This
was demonstrated by the result of experimental and theoretical studies stating that the adhesive capacity of
a polymer pad is related to the area of adhesion, but also inversely related to the compliance of the system.
Thus, by artificially reducing compliance by adding a stiffer backing while keeping adhesive surface properties
the same, the adhesive capacity can be increased [Risan et al., [2015] Bartlett et al., [2012]. An example of a
peeling test of a bi-layer finite thickness adhesive is shown in Figure[2] Note that only the backing is pulled
rather than the full adhesive.

Experimental studies [Ponce et al., 2015, |Cohen et al., |2018| have shown that different failure modes exist
and are competing in such pads: steady peeling from the pulled end of the pad or curling from the opposite
end of the pad, shown in Figure[d] (a) and (b). Interfacial cavitation, the formation of an air bubble closer to
the pulled end of the pad, shown in Figure [4] (c) has been observed as an intermediate failure mode before

the occurrence of curling.

a) curlin f : -
backing ( ) &

—- ; -
soft adhesive (b) peelmg E
—-
(c) cavitation

Figure 4: Failure modes of a bi-layer adhesive under a zero-degree adhesive. The Figure on the left is the initial configuration.
Figure (a) on the right top shows curling from the opposite end of the pad, Figure (b) shows peeling from the pulling end of the
pad while Figure (c) pictures cavitation. Figures inspired by |Cohen et al.| [2018].

Theoretical studies [Cohen et al, [2018] have determined the shape of an adhesive pad based on its material
and geometric characteristics using an energy minimization approach. Assuming the location with the largest
vertical displacement at the surface will be the location where the first failure occurs, the conditions for
two different failure initiation modes were then identified: the cavitation and the curling modes. A different
theoretical approach [Ponce et al [2015], [Mojdehi et al| [2017alb] studied over which length the shear stress
decays in the pad. This is called the shear lag length (Figure and is a function of the material properties
involved. If the adhesive length is a lot lower than this length, the full adhesive part will be under uniform
shear and fail catastrophically. In the case the adhesive length is higher than the shear lag length, this shear

lag length will detach and from there a steady peeling front will propagate from the pulling end.

nostress decreasing shear stress
pd

" ]
~ ™ 1

no stress shear lag length

Figure 5: The shear lag length observed in the bi-layer pad under zero-degree pulling from the backing. Over the length of the
backing the shear stress decreases, it is distributed over the adhesive over a longer length as the iso-stress lines run diagonally.
The shear lag length is a function of material parameters of adhesive and backing. It is argued that the ratio between the pad
length and shear lag length determines the failure mode. Figure adapted from [Ponce et al.|[2015].
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While the available theoretical studies manage to capture and parametrically describe the conditions and
the location of the first initial failure, they do not include the phase of subsequent failure propagation until
full failure of the pad. This phase between failure initiation and full failure is especially challenging under
zero-degree tests (angle of ¢ = 0° in Figure [3]), as these can generally not be described by theories for
arbitrary loading angles [Yamaguchi et al.} [2016]. The reason for this is the stick-slip or sliding behavior of the
adhesive on the surface: after partial detachment of the adhesive surface close to the pulled end, this part can
reattach again further along the substrate surface. It reattaches upon contact with the substrate and displays
again adhesive and frictional forces. Experimental evidence of this phenomenon in zero-degree pulling test has
repeatedly been found [Cohen et al.| 2018| [Ponce et al.| 2015 /Amouroux et al., 2001} [Collino et al., [2014] [Zhu
et al., [2019, Baumberger et al., 2002, |Cortet et al., [2007, |Zotti et al, [2019]. Evidence of occurrence of the
same phenomenon (albeit to a lesser extent) was also found in the peeling test under an angle [Collino et al.|
2014} Dalbe et al., [2015]. This behavior causes drops and re-increases in the force-displacement curve of the
peeling tests, as is shown in Figure[6] These are believed to be caused by detachment and re-attachment of
the peeling front [Begley et al., [2013] [Lake and Stevenson) [1981].

(a) Force (b) Force

Displacement Displacement

Figure 6: Experimental force-displacement curves of the zero-degree peeling test of bi-layer adhesives (displacement controlled),
Figures adapted from |Cohen et al.|[2018] (a) and |Ponce et al.| [2015] (b). The x-axis shows displacement and the y-axis forces,
units have been removed. In the curves, there appear multiple drops and re-increases in the force, that have been linked to
reattachment. Both studies’ results show the same type of behavior.

This stick-slip behavior is one of the ways in which instabilities during sliding in soft adhesives manifest.
Frictional instability during sliding contact between hard materials on the micro- and nano-scale have been
widely studied in the field of contact tribology [Wang and Chung, 2013 |Johnson| [1985]. In contact between
soft materials with a finite thickness such as rubber or PDMS (polydimethylsiloxane) with a smooth rigid
substrate such as glass, the propagation of attachment-detachment front has been observed by [Schallamach
[1971] in the contact between a small sphere and a flat substrate. It is therefore commonly referred to as
a Schallamach wave. The experimental setup used by [Schallamach| [1971] is shown in Figure [7] (a). Stick-
slip is then the description of the behavior of the soft material during the movement of this Schallamach
wave: it slips while detaching and reattaches or sticks later, as illustrated in Figure (b). Finally, the force
necessary to move the sphere over the surface oscillates around a constant frictional value as shown in Figure
Viswanathan et al.| [2016b] have defined different subcategories of stick-slip events depending on the
properties of the detachment front and frictional force reaction. However, all waves share the characteristics
of propagating a cavitation-like shape on the surface and all frictional forces share the oscillation around a

constant value.
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Figure 7: lllustration showing Schallamach waves, stick-skip, and their relation. In Figure (a) from |Schallamach| [1971], a half

glass sphere is indented in a semi-infinite surface of rubber and moves parallel to the surface with speed v. The rubber exhibits a
frictional force F. In Figure (b) from|Rand and Crosby| [2006| surface wrinkling or cavitation formation after the ball has moved is
shown. Part of the rubber has detached from the glass. This surface behavior is referred to as slip: the detached part has slipped
from the surface. Afterwards it will reattach: stick behavior. This will continue as the ball moves forward and the propagation of

the attachment-detachment front is referred to as a Schallamach wave |Schallamach| [1971]. Figure (c) from |Rand and Crosby

[2006] shows the associated variation of the driving force, showing an oscillation around a constant frictional force.

More experimental and theoretical studies have been conducted on the appearance of these waves in sphere-

surface, cylinder-surface or sphere-sphere contacts |Gabriel et al., 2010} [Maegawa et al.| [2016} |Mishra et al.)

2015a|, [Maegawa and Nakanol| [2010| [Schapery, 2020, [Fukahori et al. [2010, [Viswanathan et al. [2016a}, [Rand
[and Crosby, 2006, [Lin and Huil, 2002} [Barthel and Haiat} 2002, [Das et al} 2013] [Cortet et al.} 2013]. Finite

element models used in these studies describe the development of the detachment, the formation of the first

Schallamach waves, but they do not include reattachment. An analytical study by [Nakano and Maegawa|

considered the case of a small block sliding against a large surface, predicting how to prevent stick-slip.
However, contrary to the occasional stick-slip in an increasing force curve like in Figure[7] the force obtained
here is a periodic oscillation around a constant value like in Figure (c). The driving mechanism behind the
formation of Schallamach detachment fronts is argued to be buckling caused by compression-tension fields
forming before and after the indentation [Gabriel et al., [2010} Schallamach| [1971]. This is shown in Figure

during the movement of the sphere over the rubber, where the rubber surface is compressed in front of

the slider and is subjected to tension behind the surface. The couple created by these fields causes buckling

of the surface. Mathematical proof of this was provided by |Mishra et al.| [2015b]. Moreover, the analytical
studies by Brochard-Wyart and de Gennes| [2007] and [Memet et al.| [2020] provide analytical evidence of the

link between oscillations in the force-displacement curve and the stick-slip events on the surface.

S, Max. Principal |
(Avg: 7 5%%) (a)

+1.545e+00

+1.3858+00

+1.22 4+ 0D
1.063a+00 . . " go
§.021e 01 Direction of sliding

Figure 8: Variation of the stress field during the indentation and sliding of a glass sphere over a rubber surface from|Gabriel et al.
|2010|. Figure (a) shows the setup and the direction of sliding, Figure (b) shows the compression field in front of the sphere,
and Figure (c) shows the tension field behind the sphere. It is argued these fields cause buckling.
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More recently, finite element formulations have been developed to deal with the friction-adhesion contact
coupling present on the contact surface |[Cocou et al., [2010, [Mergel et al, [2020, 2019, |Raous| [2011} |[Khajeh
Salehani et al.| 2019, Sauer| 2016], both on a molecular and larger scale. These have been applied to single-
layer adhesive peeling under an angle larger than zero degrees or to sphere-surface interactions [Gouravaraju
et al, [2020| [Mergel et all] [2020]. Meanwhile, another branch of research has simultaneously observed that
modeling the adhesion-friction coupling is not critical for correct simulation of a soft adhesive, rather the finite
deformations in the bulk material carry larger importance [Liu et al., [2019, |Lengiewicz et al., 2020, Villey
et al.} [2015]. Yet, other researchers argue it is the mixed-mode (not pure mode | or mode Il) failure behavior
that is crucial [Waters and Gudurul, 2010} [Papangelo and Ciavarella, 2019]. A consensus has however not

been reached so far, although the friction-adhesion contact coupling is the most supported hypothesis today.

Despite the interest in a proper understanding of Schallamach waves, their appearance in flat-surfaced soft
adhesive pads against large flat substrate surfaces has not been widely studied yet. Of the studies that do,
Ronsin et al.|[2011] describe experiments on surface-surface sliding under pure shear. They found Schallamach
waves propagating and analytically predicted their propagation speed. [Baumberger et al.|[2003] did the same
type of experiments, providing evidence of velocity-dependence of the stick-slip events. The studies by
Pan et al.| [2009], Mukherjee and Sharma| [2015] and |Sarkar and Sharma| [2010] describe parametrically the
development of surface wrinkling of a thin elastic film on a substrate: multiple characteristic length scales of
the wrinkling behaviors are reported. Finally, Honsalil [2018] proposed a finite element model showing bi-layer

adhesive pad detachment from a rigid surface without reattachment.

To the best of our knowledge, to date, no finite element simulation concerning surface-surface interaction
has been able to capture the reattachment phenomena necessary for studying stick-slip behavior of the type
observed in zero-degree peeling tests. Understanding the parameter values under which this phenomenon
occurs and which effect this has on the global behavior of the adhesive pad, would pave the way to engineer

the pads for specific applications.

It is to be noted that the manifestation of surface wrinkling waves is not limited to glass-soft polymer contacts
or to detachment problems: they have been omnipresent in contact sliding settings. They have been observed
in solid-solid interactions and on an atomic level |[Ronsin et al., 2011} |Wang and Chung, 2013} |Gerde and
Marder, [2001} Johnson|, [1985], but they have also been linked to seismic waves that cause earthquakes |[Ronsin
et al., 2011} |Galeano et al} [2000, |Festa et al., |2010, |Uenishi and Rice, 2003|, and are historically referred
to as self-healing slip pulses instead of Schallamach waves. Similarities between tectonic plate movements
and adhesive surfaces sliding become immediately apparent in Figure [)] The same mechanical reasoning of
compression-tension localization causing the slip has been provided and this phenomenon is now referred to
as Heaton waves [Heaton| [1990]. Recently, hydrogel-solid interactions have been exploited as well as a means

to study seismic activity in depth |[Galeano et al., [2000| [Ronsin et al.| 2011].

coast

submerged tectonic plate

Figure 9: Tectonic plate sliding from |Wang and Tréhu| |2016|, show a thick coastal plate (top) that is thinner on the left, sliding
over a submerged tectonic plate and creating friction fields on the interface. On the transition zone between the top plate being
thick and thin, sliding moments appear that cause slip waves and seismic activity. According to Wang and Tréhu| [2016] they
have yet to be explained.
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1.3 Outline

As has been proven earlier by experiments, reattachment behavior or stick-slip motion is crucial for the
correct representation of adhesive failure in pads, especially if loaded parallel to their substrate. Finite element
simulations have not earlier investigated stick-slip behavior in surface-surface interaction of soft adhesives with
a stiff substrate. Being able to model this behavior, will allow to gain more insight into the different failure
modes of this type of adhesive pads and their driving forces. This understanding of the fundamental mechanism
underlying detachment of the adhesives in function of their parameters, could provide an insight into how
to engineer pads for specific applications. The understanding of this mechanism could even be extended to
other fields where the Schallamach waves are observed, such as in earthquake engineering. Furthermore, these

insights might inspire new applications or allow to improve current applications such as robotic grippers.

In this study, we will specifically look at the case of a soft adhesive pad with a stiffer backing being pulled
under a zero-degree angle. A finite element model will be deployed and the effect of reattachment will
be implemented in this model. Ultimately, we wish to represent experiments well in terms of development
of detachment, explain their behavior, and predict under which conditions stick-slip will occur. Section
shows the physical situation description with all relevant parameters and Section [3] gives an overview of the
experimental results for this type of setup. A finite element model is developed to solve the problem and
Section [4| details the development of this model. Next, Section [5| shows the observed failure modes, stick-slip
phenomena, and their correspondence to experimental results, as well as the mechanics of the failure modes
and the stick-slip behavior. Section [6] then continues to explore under which general configuration stick-slip
occurs. Finally, limitations and discussion of the relevance of the results can be found in Section
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2 Description of Setup

Consider a soft polymeric adhesive of length L and thickness ¢ that is perfectly attached to a stiffer backing of
thickness ¢, and placed on a smooth, infinitely stiff substrate, as illustrated in Figure[I0] The study is limited
to adhesives that fail by detachment at the interface (adhesive surface in Figure[10]) between the soft adhesive
and the substrate, and do not exhibit failure inside the adhesive. One side of the backing perpendicular to the
pad length is being pulled parallel to the substrate and is not allowed to move in the direction perpendicular

to the surface.

1
d S o
E_ backing Es to
2
E Y, adhesive £ )
E \ adhesive surface  Ge» Oc, O
7
X substrate
opposite end X=0 pulling end X=L

Figure 10: Physical configuration of the system with the different variables indicated: bi-layer adhesive pad with soft adhesive,
stiffer backing, and adhesive surface attached to the rigid smooth substrate. Shown on the Figure are the stiffness of adhesive
and backing E and Ey, the properties of the adhesive surface (surface energy G¢, ultimate surface strength o., normalized
opening at initiation of the softening phase ), the geometric dimensions (length L, thickness of backing ¢, and adhesive ¢,
depth of the pad d), the pulling force F' and the pulled distance A’. Right is the pulling end and left is the opposite end.

The Young's modulus of the adhesive and the backing are respectively E and Ej. The bulk properties are

characterized by the following non-dimensional parameters |[Cohen et al., 2018]:

a=- p== = (1)

The adhesive and the backing are considered neo-hookean materials. The neo-hookean material law is a
good trade-off between simplicity of the model and accuracy of the results. For rubber-like behavior with
large strains, a linear elastic model is indeed insufficient [Kim et al.| 2011b]. More accurate material laws
require more detailed material data and increase complexity and thus calculation time. The neo-hookean law
combines computational and physical simplicity with good results, even at moderately high amounts of strain
up to around 200 % [Kim et al. 2011a| [Marckmann and Verron| 2006} [Martins et all [2006]. As such, in
the scope of this study, we will assume that large deformations higher than 200 % do not have a significant
influence on the detachment mode of the adhesive, such that the approximation provided by the neo-hookean
model is sufficient. The neo-Hookean law for a three-dimensional compressible material is characterized by

the following strain energy density function W [Abeyaratne, 1988|:

W =

VRS

(I —3—2—1In(J)) + %(J —1)? (2)

Where A\ and p are Lamé’s first and second parameter, [; is the first invariant of the right Cauchy-Green

deformation tensor and J is the determinant of the deformation gradient.
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The neo-Hookean law matches the linear elastic law at small deformations and exhibits a less stiff response
as stretch increases as illustrated in Figure [L1] for the case of an incompressible material under uniaxial stress,

thus providing better correspondence to the physical behavior at moderate and large strains.

linear
&«

elastic

~ neo-hookean

Figure 11: Comparison between the stress-stretch response of an isotropic incompressible sample under uniaxial stress of the
neo-hookean and the linear elastic material law. At low stretches, both laws correspond. As stretch increases, the behavior of
the neo-Hookean law shows softening, thus better representing physical behavior for moderate and large strains.

The adhesive surface response is assumed to exhibit a linear elastic phase where stress increases with bond
stretch until maximal stress, and a linear softening phase from the maximal stress until zero stress where the

stress decreases as bond stretch further increases, as illustrated in Figure@

stress

Oc

Ge

bond stretch

50 5c

Figure 12: Illustration of the bond stretch - stress assumption for the adhesive surface. The bond stretch is expressed in units of
length. The slope of the initial stiffening phase going from bond stretch 0 to bond stretch §g is k. The area under the curve is
bond failure energy G. and the failure stretch is J..

This behavior can be identified by 3 independent and 2 dependant material parameters. As independent
parameters we choose the elastic bond stiffness & that relates traction and opening before the onset of
softening of the adhesive surface, the peak strength o, and the energy at complete detachment G.. Further,
K relates the amount of energy in mode | fracture to the amount of energy in mode Il fracture. This results
in non-dimensional parameters (, 6 and -, defined as:

oc do G. do0c

9:7:
E Bt o2

O G,
v = :CE K= (3)

Sk
I
I
|
I
|

The other surface parameters are the values of the opening at peak strength dp = o./k and the opening at
full detachment 4, = % Note that §, > dp or § > (2, because the opening at the completion of failure

needs to be higher than the opening at the initiation of failure.

Finally, the level of loading of the adhesive pad at the pulling location can be described by the prescribed

pulling displacement A’ and pulling force F' and their non-dimensional counterparts, defined as:

&P "

A t E-td
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3 Experimental Studies

Prior to this work, experiments on the zero-degree peeling of bi-layer adhesives were done by [Honsali| [2018]
and |Cohen et al.| [2018]. We were kindly provided with the experimental data. First, stick-slip was observed
in the pulling force diagrams. Secondly, two main failure modes are observed: the formation of an interfacial
cavitation close to the pulling end followed by peeling for longer pads and unstable curling from the opposite

end for shorter pads.

The material parameters used for the experiments in both studies are:

Thickness Depth  Young’'s modulus
adhesive backing adhesive backing
Honsali| [2018] 6.25 mm 4 mm 30 mm 700 kPa 20 MPa

Cohen et al.[[2018] 83 mm 24 mm 30mm 170 kPa 2 MPa

Table 1: Material parameters used for experiments on the zero-degree peeling test of a bi-layer adhesive.

Cohen et al|[2018] reported the pure curling from the opposite end as the failure mode for pads with shorter
lengths (I/t = 3.6) and interfacial cavitation, followed by curling for longer pad lengths (/¢ = 11). In the
force diagrams from this study shown in Figure stick-slip is visible only for the experiments that show
interfacial cavitation close to the pulling end as a failure mode (the longer pads) as opposed to curling from
the opposite end (shorter pads). A failure force of 20 N for interfacial cavitation and 2 N for pure curling is

reported.
20
Force i
(V]
10
v _1/t=65
' =36

0
0 Displacement A'/L 0.1

Figure 13: Figure of the force - imposed displacement graphs for the experiments done by |Cohen et al.|[2018]. On the y-axis the
imposed force is shown and the x-axis the imposed displacement A’, normalized by the pad length L is shown. Different pad
lengths are used with the same thickness and the same material properties and the results for pad lengths I/t = 3.6, I/t = 6.5
and [/t = 11 are shown.

The images from the experiments that will be discussed next, detailing the development of failure in the
adhesive, are taken from below the adhesive pad as shown in Figure 14, When we will be discussing the 2D
simulations later, the perspective will be from the front of the adhesive (also shown in Figure as this will

allow to look at the state of the full pad in addition to the failure state.

20 /6 =
simulations’ 7
7 L

V.

experiments

Figure 14: lllustration of the perspective from which the images from the experiments shown here and the images from the
simulations that will be shown later are taken. The bi-layer adhesive pad pulled parallel to its surface is shown in the middle
with the 2D simulation perspective looking at the front of the pad and the experimental perspective looking at the bottom of
the pad.
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observed the same failure modes and provided videos of the experiments. In Figure [15a] the
curling mode of detachment is shown, with the amount of imposed displacement increasing from Figure
(D-(1V). Figure (1) shows no detachment, and as pulling continues the first detachment areas are formed at
the opposite end (Il) and propagate rapidly (Ill) until full failure (IV). This sudden, catastrophic mode of
detachment is characteristic for curling. In Figure the experiment with the same materials but with a
longer pad is shown: the imposed displacement increases between Figures (I1)-(VII). A detached region close
to the pulling end, named an interfacial cavitation, is the first detached region to develop in Figures (1.b)-(lll).
After this, part of the detached region close to the front of the detachment region reattaches in Figure (IV),
stick-slip phenomena accompanied by Schallamach waves occur. Finally, from the opposite end of the pad a

second detachment region propagates rapidly (V) and the pad fails (VI).

(1)

(1.b)
0

(1)

(111
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(V)

(a) Figure (I)-(IV) show the propagation of (b) Figure (1)-(VI) show the propagation of failure while displacement is

failure while displacement is increased for a increased for a longer pad that shows interfacial cavitation behavior and
shorter pad that shows curling behavior. (I) stick-slip. (1) no failure is observed, the pad is placed under loading.
no failure is observed, the pad is placed under (I.b) The first small detached regions show the most significant one

loading. (II) The opposite end shows the first near the pulling end at the side of the pad. (II-1ll) The propagation
detached region. (IlI-1V) This detached region of the detached region near the pulling end continues. (V) A first
quickly propagates further. First, half of the reattached region is observed close to the propagation front of the
pad is detached (I1l) and next, the full pad is detached region. (V) The detachment at the opposite end starts and
detached (1V). propagates fast over the pad. (VI) The pad is fully detached.

Figure 15: Images from the bottom of the bi-layer adhesive pad during experiments showing the detachment under a zero-degree
peeling test as described in Section[1.2] Two main failure modes were observed during the experiments: curling as shown on (a)
and interfacial cavitation followed by curling as shown on (b). Movies from which the images were extracted provided by
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The failure states development shown in Figure [I5] are also systematically represented in an imposed displace-
ment (vertically increasing with an increasing axis) versus position along the pad length diagram in Figure
[16] In these plots x=0 is located at the left-hand side of the pad and as the pad is pulled at the right
at x = L. The consecutive states of the pad are vertically joined here, showing the development of the
detachment regions as the imposed displacement increases. The light red regions mean detached zone and
dark red zones are attached. Figure shows the curling behavior at the opposite end for the short pad
discussed earlier and Figure [16b| shows the interfacial cavitations at the pulling end, reattachment (visible for
an interfacial cavitation region that shrinks in size after initial development as the imposed displacement goes
up) and curling behavior development for the longer pad discussed earlier. In Figure it is seen the curling
propagates faster near the end of the simulation, as evidenced by the change of slope indicated by number
(1). In Figure it is visible the interfacial cavitation keeps approximately the same length all throughout
the experiment (except for the initial reattachment region, number 2 on the figure) and that the front of
the original detachment region, where reattachment is formed behind (almost vertical left dashed black line,

number 1), ultimately joins the curling region.
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20 mm 20 mm

1.0

(a) Pad position-displacement graph of the failure (b) Pad position-displacement graph of the failure of the longer pad that

of the shorter pad that exhibits curling. Composi- exhibits interfacial cavitation, stick-slip, and finally curling. Composition
tion of the different failure states from Figure of the different failure states from Figure The failure behavior:
The light red regions mean detached zone and dark interfacial cavitation (from the pulling end) and curling (detachment
red zones are attached. The curling behavior, de- from the opposite end), is shown with respectively a black and a yellow
tachment from the opposite end, is shown with a dashed line. The initiation of the interfacial cavitation is marked with
yellow dashed line. In the middle of the figure, the (2) and the line of detachment moving from there to the change in slope

increase in velocity of the curling is marked with (1). of the curling shape, is marked with (2). Figure adapted from

Figure adapted from . )

Figure 16: Figures representing the failure behavior shown in Figure in displacement-pad position graph. The imposed
displacement A’ is varied from 0 to failure displacement ax the y-axis goes up and the pad length is varied over the x-axis. l.e.
the consecutive states of the pad during the increase of imposed displacement are joined vertically upwards. Figures adapted

from Honsal] (2015
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4 Model Solution Strategy

4.1 State of the Art
4.1.1 Cohesive Elements

As the need for a numerical study investigating the propagation of stick-slip and its potential benefits became
apparent in the introduction, this study will propose a parametric finite element model that incorporates
reversibility for this purpose. The reversibility will be modeled as a surface element fully recovering upon

contact, even at a reattachment location different from the initial one.

While continuum mechanics problems can sometimes be treated analytically, this becomes excruciatingly
more difficult or impossible as non-linearities in the mechanical behavior appear [de Borst and Verhoorsel,
2017, [Ingraffea and de Borst, [2017]. One of the non-linearities that we specifically want to investigate, is
the behavior of adhesives from the moment it reaches detachment at one point until it reaches detachment
over the full pad length. As noted before, theoretical studies are often limited to linear mechanics for failure
initiation before failure propagation [Cohen et all [2018], or to the moment past full development of failure,
after failure propagation [Ponce et al.| 2015]. Propagation of this failure is however critical. Thus, to study
this, numerical finite element simulations are necessary, where non-linearities can be numerically solved in the

instance where this is analytically not possible anymore.

Cohesive elements are often used to model failure in finite element simulations. Cracks are associated with
stress concentrations and thus singularities. Furthermore, numerical methods for continuum damage equa-
tions suffer from pathological mesh dependency when softening laws are considered which leads to convergence
towards physically unacceptable solutions upon mesh refinement. Cohesive elements allow to represent dis-
placement continuities at boundaries of elements, by lumping cracking on one surface and representing a crack
process zone. By placing a displacement discontinuity over this crack process zone, the singularity is relieved.
Additional zero thickness line (for two-dimensional simulations) or surface (for three-dimensional simulations)
elements are inserted between two normal bulk finite elements where the crack grows. In the case of a large
fracture process zone (the zone ahead of the crack tip where damage develops through micro-cracks), there is
softening of the material happening in front of the crack tip. The cohesive zone model is especially interesting
for this case, since it relates traction over its line or surface to the relative opening of the two sides of the
crack displacement discontinuity. A characteristic of this crack model, is that the crack growth path is limited
to the element boundaries [de Borst and Verhoorsel, 2017, |Ingraffea and de Borst [2017].

The reason to suggest a cohesive zone model for the surface adhesion properties of soft, dry adhesives is thus
apparent. We are dealing with the cracking of a bond between elements for which we know the crack path in
advance, since the bonds between adhesive and surface (Van Der Waals Forces [Autumn et all 2002]) are a
lot weaker than the chemical bonds in the material itself. Although some very soft adhesive fail in their bulk
material (often with the formation of fibrils) [Williams and Kauzlarich| [2008, [Zhang and Wang, 2009, [Piau
et al 2005} [Lengyel et al|, [2016), [Creton and Ciccotti, [2016], we will exclude bulk failure adhesive materials
in this study. Secondly, we suspect bond softening past the ultimate critical stress state, as would be the case
for most materials and has been observed for example in glue-type adhesives [Serrano| 2001] and in PUR-steel
adhesive coatings [Zhu et al. 2009]. Finally, the linear stress opening relationship proposed in theoretical
models by [Cohen et al.|[2018], [Liu et al.| [2019] bears great resemblance to the traction-displacement based

element formulation used in the cohesive zone formulation.

Model Solution Strategy 13



Cohesive elements have also been commonly used in the past for modeling adhesive-like materials and even
soft adhesives: for adhesives glues in bonded joints [Ramalho et al., [2020, Sarrado et al.| [2016} [He, 2011], for
delamination processes [Tabiei and Zhang, [2018| |Girdo Coelho, [2016], for coating adhesion to bulk materials
[Wang et al., [2016] |Zhu et al., |2015, [Borino and Parrinello) 2019], for peel tests of a thin strip [Peng et al.,
2019, (Garg and Datlal [2019| [Thouless and Yang, [2008], and for soft adhesives [Zhang and Wang] [2009)
Mergel et all 2020, [Biel and Stigh| 2017, [Rahulkumar et al., [2000, [Jagota et al., 2000, Weil 2004].

The cohesive zone model proposes a traction-separation law to deal with failure. This model links the traction
along the cohesive surface to the relative opening of its two sides. The cohesive surface initially has a zero
thickness and will then be allowed to open while applying traction to the surrounding bulk elements. Intrinsic
cohesive elements, i.e. elements with an initial elastic phase, are inserted at the beginning of the simulation
and start with zero opening and zero traction. They show subsequently an increase (initial elastic phase)
and decrease (secondary softening phase) in traction while the opening increases. Extrinsic cohesive elements
are elements that are inserted once the stress threshold is reached at a surface and do not open before that:
they do not exhibit any elastic behavior. Once the cohesive element is inserted, the transmitted traction only
decreases. Thus, both types of elements have a softening behavior, but only the intrinsic elements include
an initial linear elastic phase [Park and Paulino, [2013] |[Elices et al., [2002]. We will focus here on the use of
intrinsic elements, as the literature review of adhesives suggests an initial compliance of the adhesive surface
exists [Cohen et al., 2018].

T
______ (@ . ®)

Figure 17: Different possible shapes used for intrinsic cohesive elements, adapted from [Heidari-Rarani and Ghasemi| [2017|. The
traction is shown on the y-axes and the opening on the x-axes. As all are intrinsic, an initial linear elastic phase is included.
Figure (a), (b) and (c) then respectively show the linear, exponential, and trapezoidal softening shape.

Multiple shapes of the softening law have been presented such as an exponential, a trapezoidal, or a triangular
traction-separation relationship (the latter called linear softening) [Park and Paulino, [2013| [Campilho et al.
2013 |Volokh) [2004]. Figure shows some of the possible intrinsic traction-separation laws. As all the
shapes are intrinsic, after reaching the maximal stress capacity at the end of the linear phase, an initial
opening already exists. The softening of the element, where the stress decreases while opening increases
is shown for the linear (a), exponential (b) or trapezoidal (c) shapes. Research into the importance of the
shape is still continued, and while for brittle elements it has been found that the most important quantities
are the area of fracture energy under the curve and the maximal failure load [de Borst and Verhoorsel, {2017
Ingraffea and de Borst, |2017|, for soft adhesive surface properties this has been contested |[Zhang et al . 2018,
Campilho et al.| 2013] [Ferndndez-Cafiadas et al), [2016]. In the context of soft adhesive, alternative shapes

like an exponential increase and linear decay of traction have been proposed as well [Anyfantis and Tsouvalis|
2012].

Model Solution Strategy 14



Other research areas still in progress include the mixed-mode and the frictional coupled behavior of the
cohesive elements. The general cohesive law was designed for single-mode (mode | or mode Il) failure, but
failure generally occurs in a mixed-mode setting and moreover, the cohesive energy differs in mode | and
mode Il. In addition, during the failure of an element in the mode Il direction, contact in the mode | direction
can occur and friction should thus occur as well. Multiple approaches have been proposed to deal with these
complexities [Park et al.l [2009, McGarry et al., 2014, |Dimitri et al., [2015, Venzal et al.| [2020, Sauer] 2013].

In the current study, we will use the intrinsic version of the Snozzi-Molinari adaptation [Snozzi and Molinari,
2013] of the Camacho-Ortiz [Camacho and Ortiz} [1996] and Ortiz-Pandolfi [Ortiz and Pandolfi, [1999] linear
cohesive law. This law addresses the above-mentioned problems fairly well and is already implemented in the

dynamic, parallel, open-source framework Akantu [Richart and Molinari| [2015} Vocialta et al., 2016].

The following section where this cohesive law is described, including the relationships, is largely reproduced
from [Snozzi and Molinaril, 2013| |Richart and Molinari, |2015} Vocialta et al.l [2016) Richart] [2016] to set the
background for the use in this work. The traction-separation relation with all the relevant properties marked
is shown in Figure[18] The cohesive law consists of an initial elastic phase with a stiffness k where the traction
increases linearly with opening § until the peak stress o, corresponding to the failure initiation opening dg,
followed by a linear softening phase where the stress decreases while the opening increases until zero stress

and full failure opening J..
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Figure 18: The cohesive law as described by |Snozzi and Molinari|[2013]. The law is intrinsic: it contains an initial elastic phase
and a secondary softening phase. o, is the peak stress, dg the failure initiation opening, d. the failure completion opening and
the area under the curve represents the mode | cohesive energy. The slope of the initial curve is k. The black double arrow
shows the unloading and reloading path: as soon as softening occurs, the damage is irreversible and the new peak stress is lower.
Figure from |Richart, [2016].

Damage in the cohesive zone is defined by a damage parameter D that varies linearly between 0 and 1 as
the opening varies between dy and .. As soon as damage occurs in usual cohesive laws, this is mechanically
irreversible. The unloading and reloading path is a new linear path between the stress at the maximal
encountered opening so far d,,4, and the origin, as also shown in Figure [I8] by the black double arrow which

shows the unloading and reloading path.
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The traction T3 during the initial linear elastic part, and T5 during the secondary softening phase are:
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The cohesive energy G, is the integral of the cohesive law:

G, = (7)

In this law the effective opening of the initial-zero-thickness cohesive element § is described as a function of
the normal and tangential components of the separation or relative displacement A,, and A; of the element
over the surface. The tangential direction is parallel to the surface, corresponding to mode Il failure and the
normal direction is perpendicular to the surface, corresponding to mode | fracture. This effective opening
reads as

32

5=\ SAFHAL A, >0 (8)

Where k = G, 11/Gec 1 is the ratio between the cohesive energies in mode Il and mode | failure, and 3 is
a coupling parameter between the normal and tangential displacements. In the remainder of this work, 3
will be assumed equal to 1. All the cohesive law parameters are then expressed in mode |, and the mode Il
cohesive law is derived from the mode | parameters, based on the x parameter. Only the opening A; axis will
be scaled, the traction T" axis is left unscaled, thus d¢ ¢, d.+, and k; are scaled and o is left unscaled. Note
the underlying assumption of mode | and mode |l maximal stress being equal.

(507t:f€'60 6ct:/€'6c kt:fi'k (9)

)

The mixed-mode cohesive law based on mode | law and parameter «, as in the Snozzi-Molinari law is shown

in Figure [19]

A,

Figure 19: Mixed-mode cohesive law shape based on cohesive parameters failure initiation opening d¢, full failure opening éc,
maximal cohesive force o and mode Il scaling parameter k = G 17/G.,1. On the y-axis is traction T' is shown, on the two other
axes the normal opening perpendicular to the cohesive surface element A,, and the tangential opening parallel to the cohesive
surface element A;. The (T, Ay) plane shows the mode | cohesive law and the (T, A¢) plane the mode Il cohesive law. In
the middle, mixed-mode failure is shown with opening ¢ and corresponding cohesive law based on the mode | and mode Il law.
Figure inspired by [Khoramishad et al.|[2016].

Using the paramater x, this traction allows recovering the tangential and normal components T; and T,

according to:
T,=A,T ifA,<0 (10)

T, ==ir (11)

K

Further, a contact penalty is included in the model and implemented as a decomposition contact response:
the interpenetration is dealt with separately first, and the effective opening is calculated solely based on the
tangential opening:

if A, <0: T,=aA, N =247 (12)

With « the interpenetration penalty stiffness.
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These cohesive elements do not include any healing or reattachment. Although healing of fractured surfaces
is common in biological systems, in engineered self-healing polymers, composites or coatings, its inclusion in
cohesive zone models is still under development. Physically, the healing can be induced by physical conditions
such as pressure, temperature, or light, by chemical transformation of the material upon cracking, by releasing
additives or by biological growth [Hager,[2017]. Note that the material properties in this context are not always
recovered in the same chemical way after healing. However, in the case of the soft dry adhesives, properties
are exactly similar initially and after reattachment. In both cases, the adhesive gets attached to the substrate
with Van Der Waals bonds upon contact between both.

Continuum damage models have been proposed to model healing and have been successfully implemented
into finite element analysis using different fracture methods including discrete element methods and meshfree
methods [Oucif and Mauludin|, 2018, [Javierre, 2019]. Recent advances on continuum damage models include
for example chemico-mechanical coupling [Sanz-Herrera et al.| [2019) [Jefferson, Anthony et al., 2019 [Roldan
et all, 2019} [Ozaki et all 2016], thermodynamic healing [Alsheghri and Al-Rub| 2015} [2016] and inclusion
of biologically known variables [He et al., [2019b]. These models allow broken elements to reverse damage.
Another category of studies uses cohesive elements as a model for the insertion of a different material into
a damaged crack. These include the behavior of curing agents released into micro-cracks from encapsulated
units in the material [Maiti and Geubelle| 2006 [Krishnasamy et al., [2018| [Mauludin et al, [2018| Xue et al.,
2019], other crack filling healing agents [Ponnusami et al., 2018, |Zhang and Zhuang, 2018] as well as the
resulting forces from fibers in cracks in fiber-reinforced composites [Karimi et al., [2019]. These do not actually
allow damage to be reversed, rather in between a damaged surface, new elements are inserted to represent a
different material inserted for healing.

In this study, we will not use one of the unified approaches to healing, rather we will adapt an existing
formulation, the adaptation of the Ortiz-Pandolfi law in Akantu, to allow full recovery of cohesive energy

upon contact (zero normal opening) at a different location (different tangential opening).

4.1.2 Energy in the Cohesive Zone

Following the irreversibility of the classical cohesive law, the energy E o diss is dissipated during the damage
of a cohesive element: the energy above the unloading-reloading path cannot be recovered anymore (Figure
dark blue area). The energy under the unloading curve is elastic cohesive energy E.op e, and can still be
recovered (Figure light blue area). These energies can be expressed in function of the damage and the
current normalized opening ¢ in the case of pure mode | failure.

(1 — D)o.0?
(60 + D(d. — o))

Do,
Ecoh,diss(D) = 20 (60 + D(éc - 60)) (13)

Ecoh,el(& D) = 2

For mixed-mode failure with a factor x # 1, the exact failure path during damaging needs to be known, as a

variation in the A;/A,, ratio results in a different cohesive energy. Assuming a constant ratio ¢ = Ay/A,,:

2
4= \/\:l/%(b//{2 ECOhtel(& D7 (b) =A- ECOh’El(é’ D) (143)

Ecoh,diss (D7 (b) =A- Ecoh,diss (D) (14b)
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To calculate the cohesive dissipated and elastic energy over a mixed-mode loading path with different ratios
¢ along the path with N steps, where the index ¢ designates the current step, it suffices to sum over the path

and make a linear interpolation between values of A(¢).

N
A(p;) + A(pi—
Ecoh,el = Z(Ecohﬁl((sh DZ) - Ecoh,el(éiflz szl))w (153)
N
A i)+ A i—
Ecoh,diss = Z(Ecoh,diss(6i7 Dz) - Ecoh,diss (61'717 szl))w (15b)

During the occurrence of interpenetration forces, A,, is assumed zero for the calculation of the energy. The

indentation energy is elastic and due to the orders of magnitude difference with &, negligible.

4.1.3 Stability and Convergence of the Dynamic Solution Procedure

When considering non-linear problems, a finite element simulation can be solved using an implicit static, an
explicit dynamic, or an implicit dynamic finite element solver [Richart and Molinari, 2015, Vocialta et al.
2016]. A static model considers an equilibrium situation with zero velocity and zero acceleration: the solver
executes Newton-Rapson iterations until equilibrium between internal and external forces is found. A dynamic
solver considers acceleration and velocity as well. It can also be solved iteratively with an implicit solution
procedure or in a single operation with an explicit solution procedure. The exact solution procedure used in
the Akantu framework is detailed in Appendix [B.1]

The explicit dynamic procedure, deploying a central difference integration scheme is conditionally stable.
Stability refers to the procedure’s ability to reduce numerical errors while moving over the timestep. In other
words, a lack of stability will cause numerical errors to accumulate over the time steps. The time step used for
the integration needs to be smaller than twice the natural period of the whole system, which is approximated
by the maximal natural period of the individual elements. This maximal time step is thus approximated by
using the natural period of the smallest element [Mitchell and Griffiths, (1980, [Richart, [2016].

Ax Ax

ATcrit = 2Tnat ~ =
c E/

(16)

B

In this equation Az is the smallest in-radius of an element and c is the celerity of the fastest wave speed,
or the push-wave speed, which is equal to \/E/p, with E the Young's modulus and p the mass density of
the elastic material. Currently, there exist no reliable approximations to evaluate the critical time step for a

cohesive element. Therefore, the one for the linear elastic material is typically taken as a first approximation.

While unconditionally stable implicit dynamic integration schemes are available, in highly non-linear systems
the iterative algorithm often fails to converge. Explicit schemes do not suffer from this, as no iterations
are executed and every new time step is calculated directly from the last time step. Any residual unbalance
between internal and external forces, is compensated by the velocity and acceleration terms. In addition,
the lack of iterations decreases computational cost at every time step. Yet, dynamic solutions can be more
computationally expensive if they require small time steps (such as is the case for soft materials) [Mitchell
and Griffiths| [1980].
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4.1.4 Challenges in Soft Adhesives Surface Modeling

Using a finite element modeling for soft adhesive surface adhesion has two inherent challenges: the numerical

challenges in modeling soft materials and the high variability in the physical behavior of the material.

The high computational cost associated with modeling adhesives or soft material failure in general has been
widely documented. Specifically, it has been suggested that the crack process zone at the failure front would
be of the size of several um [Knauss| 2015] and therefore the mesh size would need to be unreasonably small.
Sauer| [2011b] developed an adapted FEM formulation to deal with this small process zone. However, [Guo
[2019] argues that this is the size of the length of the dissipation zone during which cracks actually develop
and the material detaches (i.e. this is the moment of actual detachment around D = 1). To represent the
behavior around the real failure events, rate-dependent material laws would be necessary as the actual crack
process zone depends on crack speed. Rather, it is suggested the cohesive law is still a good way to represent
detachment of soft materials from rigid substrates, but its interpretation is different. It represents the yielding
phase of the attached surface and not a physical damage development phase. The length scale associated
with the yielding is not rate-dependent and is of a more reasonable scale [Guo] 2019].

The physical properties of soft adhesives are especially variable. For a common soft adhesive, PDMS, the
Young's modulus can vary between several kPa to several M Pa |Raayai-Ardakani et al/| 2019]. Equally
uncertain are the surface properties: experimental literature values for PDMS-glass adhesion show a variability,
ranging from 0.01 .J/m? to values of 10 J/m? of surface adhesion energies [Collino et al., 2014} Galliano et al.,
2003} [Sofla et al.} [2010]. Surface strengths are even more sparsely reported. While part of this variability can
be attributed to the uncertainty and variability of the testing methods, the properties of soft materials are
also very production-dependent. Exact mixing ratio of the components, curing temperature, curing time, air
humidity, all contribute to the ultimate development of bonds between polymer chains in PDMS [Cho et al.
1998|, [Zosel, [1991] [Creton and Ciccotti, [2016].
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4.2 Implementation of Reversible Cohesive Elements

As mentioned in Section[1.2] modeling reattachment of the adhesive and sliding is of paramount importance for
accurately describing the full behavior of the system. Figures[7]show the importance of the stick-slip behavior
on the experimentally obtained force-displacement graphs. Moreover, it has to be taken into account that
this reattachment does not happen at the same location as a result of the adhesive layer deformation.

A cohesive element between two T3 elements links them along a line element that opens. However, an element
simply allowing full recovery is insufficient as reattachment occurs at a different location. The elements get
back into contact at a different location and recover full pulling strength there. Reattachment between
different elements than originally would need to be included and this would be computationally very costly.
Instead, an approach will be adapted where the original cohesive elements will be allowed to recover, with
a correction for the new cohesive reattachment locations implemented in the cohesive law. In this case, the
forces acting on the soft adhesive layer side of the cohesive element will be correctly positioned. This will
not be the case for the substrate side, but as it is not allowed to deform, the forces acting on it are of no

importance here.

In Figure [20] (a), the initial (1), failure (II), and reattachment (Ill) of a cohesive element between two bulk
elements are shown. In terms of the cohesive law, what happens after reattachment at a different location
comes down to the moving of the (T, A,,) plane over the A, axis with a distance A, that is the distance
between the original location of the detached element and the new location, as shown in Figure b.

Reattachment events can happen multiple times, it is sufficient to declare a different A;  value.

() Initial (W Failure  (IV) Reattachment

element —
\/ N

zero thickess
cohesive element

Figure 20: In Figure a, the geometrical configuration of failure of a cohesive element (1) and reattachment at a different location
(111 is shown. Figure b shows the cohesive law corresponding to this reattachment: the (T, A,) plane is moved over the A; axis
with a distance A¢ o that corresponds to the difference between the initial location of attachment (Figure |) and the reattachment
location (Figure I11).

The Snozzi-Molinari adaptation of the cohesive law including friction and described in Section [4.1.1]is adapted
for this purpose. In the case of a damaged element subjected to a normal opening smaller than zero, i.e. the
interface is in contact after having been broken, the full cohesive energy is recovered at the new tangential
location Ay and the damage is set back to 0.

If.D:].&AnSOD:O At70:At (173)
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The expression for D, Ty, T and T, given in Section [4.1.1] remain the same and the expressions for § and T}

are adapted.

2
5= \/iA% F (A = Ag)? A, >0 (18a)
S=Ar—Nry  ifA, <O (18b)
A — A
e A (18¢)
K

This adaptation of the cohesive law was validated and found to exhibit the same behavior before and after
reattachment in both static and dynamic simulations as desired. The full validation test description can be
found in Appendix [B:2] This adaptation allows, when the focus is not set on the behavior of the substrate
adapting any cohesive law with a rather limited intervention in the code to model sliding or stick-slip behavior.
It can be directly extended to a three-dimensional simulation by replacing §; and A; o with a vector in the

plane of the zero-thickness cohesive surface element.

4.3 Finite Element Model

A two-dimensional plane strain finite element model is developed to investigate the response of the system.

Bulk Material and Poisson’s ratio. For the bulk material, first-order T3 elements (linear interpolation)
are used because of their simplicity and advantage in computational time. General soft polymers are nearly
incompressible and have a Poisson’s ratio close to 0.5 [Miller et al) 2019]. In standard Finite Element
Analysis, incompressible laws are accompanied with volumetric locking where a too stiff response is observed,

due to interpolation errors. This is linked to the fact that the bulk modulus K = tends to infinity as

E
3(1-20)
the Poisson's ratio goes to 0.5. Adapted formulations with independent interpolations exist to deal with this
(see for example |[Dolbow and Belytschko| (1999| Hung et all 2009} |[Coombs et al| [2018]), but here we will

use an approximation of the Poisson’s ratio of 0.45, avoiding these problems.

Adhesive surface representation. The adhesive surface is represented with intrinsic bilinear zero-thickness
cohesive elements (linear interpolation). As discussed in the introduction, this law is especially interesting for
the case of soft adhesive surfaces as an initial bond stiffness is included by an initial elastic phase. Furthermore,
after full failure opening §., the force transferred between the substrate surface and the adhesive material
vanishes, as would be the case in reality. The cohesive law is however adapted to allow the adhesive surface to
reattach at a different location on the substrate, as explained previously in Section As previously shown

in the introduction, modeling sliding and stick-slip is crucial in zero-degree peeling tests.

Substrate material. Under the adhesive surface, a substrate material is included that is modeled as a linear
elastic material in order to ensure proper boundary conditions. The full block is clamped at every node and its
elastic modulus thereby has no effect in this case. It can be chosen close to the elastic modulus of the backing
or adhesive, thereby reducing computational cost: as explained in Section [4.1.3] a lower Young's modulus
allows increasing the dynamic time step thereby reducing the number of steps that need to be calculated.
This is a realistic assumption as glass has a stiffness 6 orders of magnitude higher than PDMS, a common soft
adhesive. While in reality the properties of this surface (roughness) are important for the adhesive behavior
as a while, they actually influence the adhesive surface only. The properties of this adhesive surface itself are
essentially dependant on the surface of attachment, and the effect of roughness could be modeled by adapting

the law used for the cohesive elements.
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Execution of the pulling. The pulling is driven in the solution procedure by moving the right edge of the
backing parallel to the substrate, while not allowing it to deform or move in the direction perpendicular to
the substrate. Both the X and Y displacement components of this edge are thus prescribed, with a vanishing
Y displacement and an increasing horizontal imposed displacement.

Solver and mesh generator. The simulation is solved in an open-source multi-core finite element solver,
Akantu [Richart and Molinari, [2015] [Vocialta et al., [2016]. This framework is specifically designed for parallel
high-performance computations and includes the Snozzi-Molinari adaptation of the Camacho-Ortiz cohesive
elements. The code uses a modified Newton-Raphson procedure to solve the discretized governing equa-
tions[Richart, [2016]. The dynamic solution procedure is based on a Newmark-Beta time discretization, with
as default setting the central difference procedure, an explicit integration scheme [Richartl [2016]. Further
details on this procedure are provided in Appendix [B.I] The mesh is generated using the open-source mesh-
generation software Gmsh [Geuzaine and Remacle, 2009] and visual post-processing is achieved using the
open-source visualization application ParaView [Ahrens et al., 2005, |Ayachit, [2015] and a Jupyter notebook.

4.4 Solution Procedure

Solving the system presented above causes both convergence issues in the static solution procedure and a low
critical timestep in the dynamic solution procedure. The convergence issues in the static solution procedure
are caused by the non-linearities inherent to the system.

e The first source of non-linearities is the neo-hookean material law. To resolve this, the loading (pre-

scribed as displacement) is imposed incrementally in the static solution procedure.

e Secondly, the cohesive bilinear law used as discussed in Section [4.1.1] and Figure [I8] shows discontinu-
ities. In particular, the strong stress redistribution associated with the softening part of the cohesive
law and the discontinuity between the softening and full failure region cause numerical challenges. At
this discontinuity, any further opening or closing (before reattachment) is not linked to any traction,
the surfaces that were normally connected with this element become free, which may cause instabilities
and numerical convergence issues. For this reason, starting from the moment that one cohesive element

fully fails, a dynamic solution procedure is used.

The dynamic solution procedure requires at low pulling speeds a high amount of steps to be implemented until
failure of the pad as the critical time step is very IowE] Therefore as long as possible, a static solution procedure
with incremental displacements is preferred. The simulation is started as a static one with incremental small
displacements of the right end of the backing. As soon as one element has advanced far enough in the
softening region, the dynamic part of the simulation is initiated. For this purpose, a script communicating
this condition between all cores after each time step is added to Akantu. The model then continues further
dynamically. Note that we are interested in the quasi-static response of the pad, and a dynamic solution

procedure is applied here for numerical purposes only.

1 Using formula ([16]) and a cohesive element length of 0.1 mm, the Young’s modulus and mass density respectively 100 kPa
and 1000 kg/m3, the critical time step is approximately 10 us.
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As such, the mass densities of the backing and the adhesive will be included in the model in inertia terms.
1000 kg/m? is used, since this is an average value for soft adhesives such as for example PDMS. Note that

their effect on the quasi-static behavior can be neglected and is included for numerical purposes only.

Upon switching to the dynamic solution procedure, a velocity v is imposed. This velocity v will be expressed
as a non-dimensional value v" as well.
v = (19)

In experiments such as in [Cohen et al.|[2018], the loading velocity is typically taken as the pad thickness per
minute. We choose here a velocity five times larger as this speeds up the simulation significantly, while this
loading velocity leads to marginal loading rate effects. The reader is referred to Appendix [C.5] for the result
of the sensitivity tests demonstrating this. The velocity is applied gradually. If we would impose the velocity
immediately in one single timestep AT, a very high destabilizing acceleration of 2v/AT would be imposed.
Rather, a triangular acceleration profile is imposed over a time of 100 ps. This is incorporated in the solution

procedure by varying the additional displacement imposed at every time step.

4.5 Quasi-static Behavior Enforcement

Although the nature of the system requires the use of a dynamic solution procedure to be solved, we actually
wish to study the quasi-static response of the pad, ignoring any visco-elastic or other rate-dependent material
behavior. Quasi-static loading behavior uniquely was studied because of the observed high-speed dynamic
events related to the breaking of elements under certain parameter combinations (specifically low cohesive
energy relative to the pad elastic deformation energy). The very sudden stress redistributions after the cohesive
element failure, cause high-speed dynamic waves. These high-speed dynamics would lead to convergence
failure even with very small time steps. To avoid such convergence issues, we choose to implement damping,
filtering out high-frequency events, and to pause pulling behavior during cohesive element failure. As the
cohesive element failure events are not quasi-static equilibrium states, we allow them to rearrange into a

quasi-equilibrium state before continuing the simulation.

4.5.1 Damping

Damping is not included in the Akantu framework, but is desired here to damp out any high-frequency
oscillations that would require very small time steps. Classically, damping is included in the equations of

motion.

Mi+Ciu+ Ku=F.y (20)

Where w is the displacement column vector of the nodes, i the acceleration vector, @ the velocity vector,
F..+ the vector of applied forces, K is the global stiffness matrix, C' the damping matrix and M the lumped

mass matrix of the system ]|

2There is no difference in notation between matrices and vectors, as the distinction is made in the text.
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In the explicit central time difference integration scheme, this would result in the following discretized equations

to compute the solution at time ¢ 4+ At if the state at time ¢ is known:

A
Ut At = Ut +Atut—|— 7 * Ut (213)
. CAt . At At
U ar(l + m) = U + 5 Uy + 5 (Fewt t+at — Kuryae) (21b)
. 1 .
Uppnr = M(Fewt,t—&-At — Kugynr — Clygar) (21c)

Since damping is not implemented in Akantu, it will be included in the simulation in a two-step procedure:
the equation of motion is first solved as if C' = 0, and a correction factor is subsequently applied on the

velocity.

Mii+ Ku= F,,; and calculate aP"¢? (22a)

i =a-uP" with a < 1 (22b)

Equations in this case become:

At?
U+ At :ut‘i’At'ﬂt + T Ut (233)
. 1 . At At
Ut At o =u + o ug + S (Femt,t+At — Kugyae) (23b)
. 1
Uy At = M(Femt,t+At — Kugyat) (23¢)

While an equivalence of equations and is obtained if é = (1—&—%), it should be pointed out that
the effect on the acceleration is not the same as the conventional introduction of a separate damping term.
Rather, the damping of the velocity will influence the next position, which will in turn affect the acceleration.
While the implementation causes subtle differences between both procedures, both take out higher frequency
energy with the frequency determined by the amount of damping, and allow studying slower phenomena at a

lower computational cost.

To ensure time step independence of the factor o, a material property ;4,,,,1% is defined as the time in which

the velocity is damped by 1%, and « is calculated from t4,,,,,,1% and the time step used in the simulation At.
o = (O.gg)tdt”npl%/At (24)

Similar to the non-dimensionalization introduced in equations , this coefficient will be transformed into a

non-dimensional one: the ratio of the natural period of an element over the 1% damping time.

L/tda'mpl%

E/p 2)

Tdamp =

In this formula, L will be approximated by the cohesive element length.
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A basic pure tension pulling and release simulation is done on a material block to study the oscillations
occurring at release obtained for different amounts of damping. It is found that a value for #4419 of 1-10
s provides a good trade-off between not enough and too much damping. This will be used as an initial
estimate for the damping time and during the execution of the adhesive pad simulations, this will be further
corrected where necessary. For details on this test, refer to Appendix

4.5.2 Snap-Through

During the modeling of the detachment phase of the adhesive, we observe phases where high-speed dynamics
events distort the results. This has been earlier linked to the cohesive zone damage by (Guo| [2019]. Failure of
cohesive elements is caused by the stress distribution around the area of detachment. This failure then allows
stress relaxation, at which point the cohesive properties would require a very refined mesh, as discussed in
Section To mediate this, it has been proposed to include rate-dependence, which would allow for a
more gradual stress relaxation. However, we opt to study the quasi-static response of the pad instead, we
allow any dynamic effects related to the damage of cohesive elements to develop while holding the pad at the
same displacement level rather than continuing to pull simultaneously. Only when a new static equilibrium
state has been developed using the dynamic solution procedure, the pulling will be resumed. As the cohesive
damage propagation is a dynamic phenomenon that takes place over a short timescale, and we wish to study
quasi-static phenomena, ignoring these events is reasonable. The recovery of a static state is detected by
a code that allows communication between the different cores executing the simulation, and that detects
whether new elements have been broken. When resuming the enforcing of displacement increments, the
increase in displacement again needs to be applied gradually, with the same triangular acceleration profile as
before. The procedure is continued until 95% of the adhesive surface has failed: a further continuation of

the simulation of caused numerical issues. A graphical visualization of this algorithm is included in Appendix

B.4

Model Solution Strategy 25



5 Competing Failure Mechanisms

Three main failure modes for the adhesive pads, one accompanied by stick-slip motions, were observed in
the simulation results consistent with experimental observations detailed in Section [3] and are detailed in
Section The propagation of Schallamach waves accompanying the stick-slip is studied in more detail in
a simulation of an infinitely long pad in Section [5.2

The convergence of the simulations with respect to spatial and time discretization is confirmed in Appendix
For an explanation of mechanics during the infinitesimal linear elastic deformation as reported in |Cohen
et al.| [2018], Appendix[C.3]is recommended. Internal force diagrams of the different simulation from Section
[6.1] for a more in-depth analysis are provided in Appendix [C.4] The initial response of a three-dimensional
simulation (that could not be completed due to numerical limitations, as explained in Section [4]) is discussed

in Appendix

5.1 Three Main Failure Modes and Stick-Slip Occurrence

Three main failure modes have been experimentally observed (Section [3] and Section and are illustrated
in Figure curling from the opposite end, steady peeling from the pulling end and interfacial cavitation
close to the pulling end. These failure modes are retrieved in the simulations. The first simulation described
in Section [5.1.1] initiates by the formation of an interfacial cavitation close to the pulling end that quickly
propagates in both directions until the pulling end is detached. Then, the detachment front propagates over
the pad in a slower steady peeling motion. This is accompanied by the reattachment, stick-slip movements,
observed as well in the experiments. Finally, once the detachment front moves close enough to the opposite
end of the pad, a detachment front from that side, curling, propagates rapidly and the full pad fails. A
second simulation described in Section exhibits no interfacial cavitation or steady peeling phase but fails
immediately catastrophically with a curling mode. The third simulation described in section initiates with
a curling motion, but is interrupted in its propagation by the sudden detachment of an interfacial cavitation

that joins the detachment region. This pad shows catastrophic failure as well and no steady peeling phase.

a) curlin f; -
backing ( ) g
—r . —
soft adhesive (b) peeling g

—

(c) cavitation

Figure 21: Failure modes of a bi-layer adhesive under a zero-degree adhesive. The Figure on the left is the initial configuration.
Figure (a) on the right top shows curling from the opposite end of the pad, Figure (b) shows peeling from the pulling end of the
pad while Figure (c) pictures cavitation. Figures inspired by |Cohen et al.| [2018].
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For this simulation, the geometrical parameters L, t and t; of the simulations are chosen in the same order of
magnitude as the experiments described in |Cohen et al|[2018]. Bulk properties of the adhesive and backing
were chosen among reasonable values for a PDMS sampld®], a commonly used soft adhesive. The linear
elastic stiffness of the adhesive surface is chosen of the same order of magnitude as approximations based on
fitting to experiments in [Cohen et al.| [2018]. For the other surface properties, a high variability of values
was found in the literature, as discussed in Section Due to this uncertainty, the values were chosen
for numerical convenience: small enough to allow failure in a reasonable time and large enough to allow
convergence. Table [2] details the parameters for the first discussed case of steady peeling in Section [5.1.7] as
dimensional parameters with their non-dimensional equivalent. For the pure curling case in Section [5.1.2| and
the curling-interfacial cavitation case in Section the difference in non-dimensional values with the first

simulation will then be mentioned.

Geometrical and Bulk Properties

E 50 kPa E, 2MPa f 8

t 8 mm ty, 1.6 mm a 2

L 120 mm L/t 15
Surface Properties

G, 0.2 J/m? 6 05 x1073

o 1.6 kPa ¢ 32x1073

k16 x10°N/m3 y 2.6

K 0.4

Table 2: Parameters used for the interfacial cavitation simulation.

The exact numerical parameter values for each simulation, as well as the values for the simulation of the

infinitely long pad, are discussed in Appendix [C.1]

3Note that in ranges of large stiffness, PDMS does not have adhesive properties anymore (or very weak ones).
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5.1.1 Interfacial Cavitation Followed by Steady Peeling and Curling

The behavior of the simulation that shows interfacial cavitation, steady peeling, and ultimately curling will

be discussed in this section. The parameter values for this simulation were listed in Table

5.1.1.1 Failure Development

Direct correspondence between the failure sequence of this pad in the simulations and the pad in the experiment
exhibiting interfacial cavitation is found when comparing Figure [I5b] with Figure 22 The amount of imposed
displacement is increased from Figure (1) to Figure (VI). Note that the perspective in both figures is different:
in the experiments, we are looking at the bottom of the pad, while in the simulations we are looking at the
vertical cross-section of the pad (see also Figure . In Figure the cohesive zone damage is shown on
the bottom of the pad at the original region of attachment, the pad deformation is magnified for clarity, and
deformations in the Y direction are shaded. Figures (I1)-(Ill) show the development of the interfacial cavity
from the pulling end and its transition to a steady peeling mode (it will become clear later when discussing
Figurewhy this interfacial cavitation mode continues into a steady peeling mode). The boundary between
the yellow attached elements and red detached elements, where the failure propagates forward, will be called
the detachment front. Figure (IV) shows the development of the reattachment region trailing the detachment
region (yellow recovered elements that were red in Figure (IV) to the right of the detachment front) and
finally figures (V)-(VI) show the curling mode from the opposite end that concludes the failure mechanics

when it joins the peeling front.
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Figure 22: Failure sequence of the simulation with parameter values (3, o, L/t, 6, ¢, 7, k) = (8, 2, 15, 0.5x1073, 32x1073,
2.6, 0.4)that exhibits a sequence of interfacial cavitation, steady peeling, and curling for failure. The imposed displacement is
varied from Figure (I) to Figure (VI). At every stage, the (magnified) deformation of the pad is shown, with additional shading
for the vertical displacements. On the bottom of the pad, the level of damage of the cohesive zone is shown. In Figure (I) the
pad is placed under loading and no damage is observed yet. (Il) The first small detachment region, the interfacial cavitation
close to the pulling end start developing. (lll) Rapid development of the interfacial cavitation continues, and eventually slows
down when switching to the steady peeling failure mode. (IV) The detachment propagation front is now closely followed by a

region of where reattachment develops. (V) The detachment at the opposite end starts and propagates fast over the pad. (VI)
The pad is fully detached. Direct correspondence with Figure is observed.
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This pad behavior and the formation of the interfacial cavity can be intuitively understood by looking at the
effect the pulling of the stiffer backing has on the pad shape. In the backing, a larger stress will develop
than in the soft material, and the soft material will be more restricted in its deformation due to the backing.
The internal force distributions resulting from this have a horizontal and vertical gradient, with as a resultant
different couples along the pad length, illustrated in Figure 23] The length over which these couples are

spread, depends on material properties.

initial
deformed

Figure 23: lllustration of the force distribution in the pad that exhibits interfacial cavitation as a failure initiation mode. The
pulling of the pad parallel to the substrate combined with the boundary conditions at the adhesive surface creates internal stress
distributions with resulting couples in the pad. This results in the formation of the interfacial cavitation.

Note that this is only a simplified interpretation of the stress-state of the pad, with the goal of providing the
reader with an intuition on the mechanics and their sensitivity to non-dimensional parameters. The internal
force distributions and an in-depth analysis of the mechanical conditions of the pad, are discussed in Appendix
An intuitive understanding of the curling behavior, will be later discussed in Section[5.1.2]and an intuitive

understanding of the reattachment behavior in Section

5.1.1.2 Surface Opening Profiles

In Figure[24] the same peeling process as in Figure[22]is shown by plotting the normalized vertical displacement
at the pad surface (left) and the attached and detached regions (middle) along the length on the layer (z/L)
for varying levels of imposed displacement (A). On the right, cross-sectional views of the layer at different

instances throughout the peeling process as described in Figure 22] are shown.
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Figure 24: Development of failure for the simulation with parameter values (8, o, L/t, 0, ¢, v, k) = (8, 2, 15, 0.5x1073,
32x1073, 2.6, 0.4), that exhibits a sequence of interfacial cavitation, steady peeling, and curling for failure. (left) On the y-axis
A or the amount of pulling displacement is advanced, and on the x-axes z/L or the pad length is advanced. The consecutive
states of the pad are vertically joined over imposed displacements. The color scheme shows the normalized vertical displacement
value. (middle) On the y-axis A or the amount of pulling displacement is advanced, and on the x-axes z/L or the pad length
is advanced. The consecutive states of the pad are vertically joined over imposed displacements. The color scheme shows the
advancement of the damage level. The areas on the middle graph that evolve vertically from red (damage) to yellow (no damage),
have reattached. (right) The full pad deformation is shown at specific moments during the pulling process. The deformation of
the pad is magnified for clarity and vertical deformation is shaded. Below the pad, the surface zone and its evolution of damage is
shown. The white dashed lines signify the initial cavity development length, the grey dashed line the steady peeling detachment
front, and the black dashes circles the reattachment zones.
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First, by comparison of the left and middle figures, it is apparent that the vertical displacement and damage
plots are not directly correlated, this will be explained when discussing Figure In Figure (1) the
displacement is imposed and it is observed that early in the peeling process vertical displacements localize
near the pulling end and at the opposite end. The stress distribution along the pad length, as shown in Figure
are responsible for this state. On the left graph, no noticeable amounts of vertical opening at the surface,

and on the middle graph, no noticeable amount of damage can be seen for this level of imposed displacement.

Figure (I1) shows how, as displacement increases, the region near the pulling end continues to lift off of the
substrate until detachment initiates. The vertical lift-off of the interfacial cavitation, can be seen on the left
figure as the start of the blue region near the pulling end z = L, the region in the white dashed lines. The
initiation of detachment can be seen on the middle figure as the red zone. From the initiation, the failure of a
certain interfacial cavitation length is almost immediate around the displacement corresponding to image (I1)
(horizontal boundary between yellow and red region in the middle graph in the white dashed lines). The further
damage propagation between stages (I1) and (lIl) shows a more gradual development of the detachment front
(diagonal boundary going upwards left between yellow and red region in the grey dashed lines in the middle
graph), a steady peeling process. It is in this region that reattachment is also observed. On the middle graph,
reattachment can be seen by looking at a vertical line (evolution over time of a determined position on the
pad length), and seeing after the first damage (yellow to red), damage disappear (red to yellow). These
reattachment events happen multiple times and are localized near the steady peeling front (regions in the
black dashed circles). During this steady peeling phase, the vertical lift of the interfacial cavitation remains
nearly constant, as seen on the left graph where there is barely any change of color distribution between
phase (I1) and (Il). When looking closely, the only difference is a diagonal line of positive vertical opening
going upwards left (in the grey dashed lines), corresponding to the detachment front of the middle figure,
and a small region of negative vertical opening (black region on the figure on top of the diagonal line, in
the black dashed circles) falling in the reattachment region on the middle graph. As contact is necessary for

reattachment, this region is the reattachment front.

Figure (111) shows the development of the curling region at the opposing end: a higher lift-off of the pad from
the surface is now achieved there. This happens when the steady peeling front has moved close enough to
the opposite end to induce there the stress state necessary for the curling. On the left figure, we can see that
the vertical opening at the surface at the opposing end = = 0 now quickly increases and continues to increase
to become bigger than the interfacial cavitation lift (region above line III). On the middle figure, we can see
a horizontal detachment front on the graph (at = 0 for horizontal line 111} coinciding with the start of this
significant increase in vertical displacement, the propagation of the curling front. Between lines (I1l) and (IV)
on the middle graph, this curling detachment front intersects with the steady peeling front and a diagonal
line moving upwards right marks the end of a region of reattachment (mixed red-yellow) and the start of a
region of only failure (red), this is the top of the region with black dashed circles. This corresponds on the
left graph to a diagonal line upwards right marking the start of a region of positive opening (the boundary
between light and dark purple at the top of the region with the black dashed circles). Finally, Figure (1V)
shows how full failure of the pad is achieved. The curling movement and the steady peeling movement have
joined, the reattachment movements ceased, and the pad is no longer attached. On the left figure, this can
be seen as the two regions with positive vertical opening joining: the dark purple region vanishes at the top
of the left figure. In the middle figure, the diagonal line marking the end of the reattachment region and
corresponding to the curling behavior positive lift-off at the opposite end, marks the end of the reattachment
zone in the pad. It can be concluded the propagation of the curling front has stopped the reattachment

mechanics created by the propagation of the steady peeling front.
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Figure [24] left also shows very good correspondence with the experiment, as seen when comparing it to Figure
The same shape of the curling region at x = 0 is observed: it starts lifting at the beginning of the
peeling test, but only continues to propagate quickly near the end of the pulling (change of slope of the
detachment region). The occurrence of an interfacial cavity near = L around the middle of the peeling test
and its quick development is also observed in both graphs (it starts as almost a horizontal line on the figure
in the white dotted lines, i.e. developed during a limited amount of time), but with a nearly constant length
afterwards (limited by two vertical lines on the figure, i.e. no evolution of length of this cavity in time). Next,
the diagonal line on the opening graph in the grey dotted region is also seen in both figures as a region of
higher vertical opening (light purple line in Figure left, light pink line under the left dashed black in Figure
16b)).

For an understanding of why the normal opening graph and detachment graph provide little correspondence
in Figure [24] left and middle, the tangential opening profile is depicted in Figure 25 This graph shows the
normalized horizontal displacement at the pad surface along its length (x/L) for varying imposed levels of
displacement (A). During the phase of low values of displacement, corresponding to the region before state
(I1) in Figure [24] virtually no tangential displacement is observed, the graph is black. After that, at the
moment corresponding to state (Il) (the quick detachment of the interfacial cavitation), the region on the x-
axis corresponding to this interfacial cavitation length has almost the same shear displacement (approximately
horizontal color lines in Figureon the region between x/L = 0.6 and x/L = 1). The detached end of the
pad is evenly pulled. For the region between x = 0.1L and x = 0.6L where steady peeling has initiated failure,
and for the region where initial failure was curling induced near x = 0, the shear distributions also follow
the pad surface failure line (the pad surface failure lines being the distinction between the black and colored
regions in Figure and the distinction between full yellow regions and mixed red/yellow and red regions in
Figure [24] middle). This could be seen by the colored lines being parallel to the failure line if reattachment
was not shown on the graph. However, since reattachment is included in the graph, as during reattachment
the tangential opening gets artificially reset to 0 numerically, these regions show the reattached tangential
displacement. We can thus observe reattachment in this figure as well by looking at the regions where the

color quantifying the tangential opening is strongly jagged.
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Figure 25: Development of tangential (shear) opening of surface area for the simulation with parameter values (3, «, L/, 0,
¢, v, k) = (8, 2, 15, 0.5x1073, 32x1073, 2.6, 0.4), that exhibits a sequence of interfacial cavitation, steady peeling, and
curling for failure. On the y-axis A or the amount of pulling displacement is advanced, and on the x-axis /L or the pad length
is advanced. In other words, the consecutive states of the tangential opening of the pad are vertically advanced over imposed

displacement. The color represents the amount of the tangential displacement. The patterns in the middle show reattachment:
during reattachment, the tangential opening gets artificially reset to 0 numerically.
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In summary, there is clearly an easy match between the tangential opening figure and the damage graph,
while the correspondence between the normal opening graph and the damage graph is less easily readable. It
is observed that despite the opposite end vertical opening being higher initially, the difference in tangential
opening between pulling end and opposite end causes the interfacial cavity to appear first, rather than to
allow curling at the opposite end first. This interfacial cavitation fails almost immediately over a certain
length: this is the length where sufficient shear traction has been developed, as can be concluded from the
tangential opening profile. Further pulling then causes the steady peeling we observe. Ultimately, once the
steady peeling front is close enough to the opposite end to induce sufficient surface shear traction there as
well, curling starts. It is concluded that in pads with this failure mechanism, the tangential opening and shear
force distribution determine failure, while the normal opening and reattachment is a result of the moments

arising because of this shear force, as drawn in Figure

5.1.1.3 Load-Displacement Response

The phenomenology of the failure modes observed experimentally being successfully captured, the load-
displacement response will be studied. The graph showing applied force at the pulling end in function of
the imposed displacement is shown in Figure Ieft), together with a global fraction of the surface that is
detached (right) is plotted in function of the imposed displacement.
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Figure 26: Force-displacement (left) and percentage of failure-displacement (right) graphs for the simulation with parameter
values (8, a, L/t, 0, ¢, v, k) = (8, 2, 15, 0.5x1073, 32x1073, 2.6, 0.4)that exhibits a sequence of interfacial cavitation,
steady peeling, and curling for failure. (left) The force is the total pulling force in the X-direction that needs to be exerted
upon the pulling end of the backing to enforce the amount of displacement imposed and is shown on the y-axis. The amount of
displacement imposed is shown on the x-axis. (right) The % of broken length on the cohesive zone or adhesive surface on the
y-axis shows the advancement of failure and the instances of reattachment. The amount of displacement imposed is shown on
the x-axis. Reattachment is characterized by the broken percentage going down again and stick-slip is recognized by repeated
reattachment events that also relate to drops in the force-displacement curve on the right. The region in which stick-slip can be
observed is surrounded by a black frame.
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In the force-displacement response, a linear elastic phase until peak force and a subsequent softening region
can be observed. The discontinuity in the linear elastic region emerges from the switch to a dynamic solution
procedure and is thus not physical. In the failure plot, the region that showed a linear force phase shows no
detachment, the pad has a high build-up of pre-peak stresses. At peak force, the surface starts detaching
smoothly and after this, shows reattachment events. Reattachment can be observed in the figure on the
right by the downwards movement of the graph: parts of the surface that were earlier detached (failed) are
attached again and not counted anymore in the percentage failure. Further into the detachment, a black
frame is drawn around the region that shows subsequent drops and increases in the force-displacement plot
and multiple reattachment events in the failure plot: stick-slip is observed. Moreover, the stick-slip behavior

shows similarities with the experimental force-displacement curves observed force stick-slip detailed in Section
1.2

Lastly, when comparing the peak force of approximately % = 0.2 with the experimentally observed peak
force in |Cohen et al.| [2018], detailed in Section |3} of % = 0.5, we find the values to be in the same order

of magnitude. It is to be pointed out that the values of the surface properties are very uncertain (Section
4.1.4)), over multiple orders of magnitude.

5.1.1.4 Correspondence with Experiments

As discussed in Section [1} the representation of stick-slip behavior for surface-surface interactions (showing
local drops in an increasing force-displacement curve, rather than oscillations around a constant value) is a
phenomenon that was not earlier captured in finite element simulations. In this simulation, both the phe-
nomenology of the failure mechanics, the occurrence of stick-slip and its link to reattachment was achieved.
The close matching of the simulations and the experiments is a strong indicator that our simplified imple-
mentation of reattachment is sufficient to approximately capture this phenomenon. Moreover, capturing this
phenomenon in simulations, now allows further studying its mechanics, the driving force and the conditions

of its occurrence in detail, which would be challenging experimentally.
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5.1.1.5 Energy Distribution

The development of a finite element model allows analyzing quantities that we would not have been able
to study in experiments, such as the variations and transfers of the energy, depicted in Figure left. The
top figure shows the variation of energy (y-axis) over the imposed displacement (x-axis). The dark blue line
shows the total energy input by the application of a force, and the red, purple, green and light blue regions
show respectively the elastically stored energy in the bulk, cohesive energy that has been dissipated (including
this energy multiple times for elements that reattached multiple times), stored cohesive energy, and damped
energy. The potential elastic bulk energy, cohesive energy that was dissipated, cohesive energy that is stored,
and damped energy are plotted cumulatively. The cohesive energy is calculated for mixed-mode paths, and
includes the energy of elements that have failed multiple times. The total energy put into the system by

applying a force, is shown with a dark blue line as well.

First, remark the amount of damping energy is rather high. As we are dealing with dynamic solution procedures
for a process we wish to study quasi-statically, this high amount of damping signifies the presence of a
considerable amount of damped out high-frequency events. This fact could contribute to the not-exact
numerical correspondence of the applied force in experiments and simulations. However, for studying quasi-
static processes and sequences of events, the high amount of damping is not a limiting factor, especially

considering that we pause the loading procedure during the propagation of highly dynamic events.

Regarding the evolution over imposed loading of the energy, only elastic energy is observed in the system
until the dynamic solution procedure is started (pure red region before A = 0.12). Then, the elastic energy is
immediately dissipated into cohesive energy (decrease of the red area, increase of the purple area). Barely any
cohesive elastic energy is stored in the system. When increasing the displacement even more, as the stick-slip
region starts in the region marked with a black frame, but also at higher displacements and the amount of

dissipated energy continues increasing in the region after that, while the elastic energy in the system decreases.

To examine the transfer of energy during the stick-slip phases in more detail, a zoom is made on what happens
in the region indicated by the black square in Figure [27] bottom. The left bottom graph shows the amount of
reattached length of the surface in function of the displacement (it can be higher than 100% since elements
can reattach multiple times). The right bottom graph shows a zoom-in on the energy graph, non-cumulative,
also in function of the displacement. The two vertical lines on the graph show the interesting transitions:
during the significant increase in the number of reattached elements, the dissipated cohesive energy increases,
and both the stored bulk elastic energy and the stored cohesive energy decrease. The reattachment of elements
is linked to a decrease in elastic energy: the release in elastic bulk and cohesive energy, allows some elements

to reattach and some elements to detach.

Note that at the end of the simulation the total force has not dropped to 0, as the simulation is stopped at
5% attached length of the surface. As a result, the total elastic energy does is not zero when the simulation
is stopped. It is however decreasing after approximately A = 0.25.
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Figure 27: (top) Variation of the energy U during the peeling test for the simulation with parameter values (8, «, L/t, 0, ¢,
v, k) = (8, 2, 15, 0.5x1073, 32x1073, 2.6, 0.4)that exhibits a sequence of interfacial cavitation, steady peeling, and curling
for failure. On the x-axis the imposed displacement is varied and on the y-axis the energy U. The potential elastic bulk energy,
cohesive energy that was dissipated, cohesive energy that is stored, and damped energy are plotted cumulatively. The cohesive
energy is calculated for mixed-mode paths, and includes the energy of elements that have failed multiple times. The total energy
put into the system by applying a force, is shown with a dark blue line as well. A region where stick-slip behavior first starts
during the simulation is marked with a black frame and zoomed in on the bottom. (bottom left) The number of cohesive
elements that have recovered during the simulation plotted in function of the imposed displacement, for the displacements in the
black frame on the energy graph. Note that the percentage of elements is higher than 100, as elements are allowed to reattach
multiple times. Two grey vertical lines are added at levels of displacement where a significant increase in the number of recovered
elements is seen. (bottom right) Zoom-in on the different energies, plotted separately instead of cumulatively, for the imposed
displacements marked with the black frame on the top graph. Two grey vertical lines are added at levels of displacement where
a significant increase in the number of recovered elements is seen on the left bottom graph.
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5.1.2 Pure Curling
5.1.2.1 Failure Development

In this simulation, with the exact same properties as the prior one detailed in Table 2] but only a different
length (L/t = 2), the pure curling mode corresponding to the experiment described in Figure [15alis observed.
The failure sequence is the same in the experiment and in the simulation when comparing the experimental
figure with Figure The amount of imposed displacement increases from Figure (1) to Figure (V). In
Figure (I) the pre-detachment state of the pad is shown. This pre-detached pad shows already a deformation
field close to the one eventually observed under full failure, indicting a lot of induced stress before initiation
of failure of the surface. In Figure (Il) the curling from the opposite end is initiated and in Figure (Il1) it
propagates until it is completed in Figure (V).

(1) (I () )
Damage Displacement Y Visual magnification
0.0 -10 0.0 -005 ¢ of deformation x5

Figure 28: Failure sequence of the simulation with parameter values (3, ., L/t, 0, ¢, v, k) = (8, 2, 2, 0.5x1073, 32x10732, 2.6,
0.4)that exhibits a pure curling failure mode. The imposed displacement is varied from Figure (I) to Figure (IV). At every stage,
the (magnified) deformation of the pad is shown, with additional shading for the vertical displacements. On the bottom of the
pad, the level of damage of the cohesive zone is shown. In Figure (I) the pad is placed under loading and no damage is observed
yet, a vertical lift at the surface near the opposite end is observed. (I1) The first small detachment region near the opposite end
starts developing. (1) Rapid development of the curling mode. (V) The pad is fully detached. Direct correspondence with

Figure is observed.

Again, an intuitive understanding of the pad behavior can be achieved when examining the stress state of the
pad. As illustrated in Figure[29| of the curling failure mode, the stress distribution gradients being spread over
the whole pad, a resultant couple acts along its whole length. The mechanical and geometrical properties of
the pad determine whether this one couple will be distributed over the whole pad or whether, as illustrated
for the cavitation mode in Figure 23] the stress distribution will be more differentiated along the pad length.
The internal force distributions and in-depth analysis of the mechanical conditions of the pad, are discussed

in Appendix

[
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Figure 29: lllustration of the force distribution in the pad that exhibits pure curling as a failure initiation mode. The pulling of
the pad parallel to the substrate combined with the boundary conditions at the adhesive surface creates a couple in the pad.
This couple is distributed all over the pad, resulting in curling at the opposing end.
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5.1.2.2 Surface Opening Profiles

In Figure [30] the same peeling process explained in Figure 28] is schematically represented by plotting the
normalized horizontal displacement at the pad surface (left) and vertical displacement at the pad surface
(middle) and the attached and detached regions (right) along the ad length (z/L) for an increasing imposed
displacement (A). The curling process of detachment propagating quickly from the opposing end is visible
on the right figure as the transition between the yellow and the red curve. No reattachment is present in
this simulation, as along a vertical line (same position in the pad at different levels of imposed displacement),
red (detached) does not transform back to yellow (attached). Before the curling development, the shear
displacement on the left graph shows an almost uniform distribution over the full pad length (horizontal lines
of the same color signifying the same tangential displacement). Once curling starts (top left of the left figure),
the detached region shows higher displacement than the non-detached region. Meanwhile, before curling, the
normal opening (middle graph), shows an approximately linear variation with respect to the position (linear
variation of color in the horizontal direction). Before the curling then initiates, the normal opening already
starts increasing significantly (region above the blue line on the top left of higher displacement). Based on this

remark, in curling failure, the normal opening is concluded to be the main parameter driving failure behavior.
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Figure 30: Development of failure and opening profiles for the simulation with parameter values (8, o, L/t, 0, {, v, K) =
(8, 2, 2, 0.5x1073, 32x1073, 2.6, 0.4)that exhibits a pure curling failure mode. (left) On the y-axis A or the amount of
pulling displacement is advanced, and on the x-axis /L or the pad length is advanced. In other words, the consecutive states
of the tangential opening of the pad are vertically advanced over imposed displacement. The color represents the amount of
the tangential displacement. (middle) On the y-axis A or the amount of pulling displacement is advanced, and on the x-axis
x/L or the pad length is advanced. The consecutive states of the pad are vertically joined over imposed displacements. The
color scheme shows the normalized vertical displacement value. (right) On the y-axis A or the amount of pulling displacement
is advanced, and on the x-axes /L or the pad length is advanced. The consecutive states of the pad are vertically joined over
imposed displacements. The color scheme shows the advancement of the damage level. No reattachment is observed in these
graphs.

When comparing Figure [30| middle with the corresponding experimental vertical opening plot in the (A, ;)
plane discussed in Figure again a very good correspondence is obtained. The curling vertical opening
front starts at A = 0,z = 0, and propagates diagonally upwards right on the graph: over time the size of the
curling opening grows steadily (boundary between pink line and dark blue line). Near the end of the failure,
both the simulation and the experiment show a change of slope of this opening front, where the lift-off front
propagates faster before ultimate failure. This new slope coincides with the slope of the detachment front on
the right detachment graph of Figure[30] This correspondence ads to the conclusion that the model developed
here is able to successfully represent the different competing modes of adhesive pad failure with a proper link

to the pad geometry.
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5.1.2.3 Load-Displacement Response

Having successfully captured numerically the sequence of failure of the curling detachment mode as well, the
applied force versus the imposed displacement is plotted in Figure [31]left together with the fraction of surface
failure in function of the imposed displacement in Figure 31]right. The pure curling plots are shown in purple,
and the interfacial cavitation, steady pealing and curling discussed in Section [24] is included again in orange.
The latter was discussed already in Section The curling mode force curve in Figure [31] left shows
the same bump in the hardening part because of the switch to dynamics: this is not a physical phenomenon
and can be ignored. The graph shows a non-linear hardening phase and once at peak force, fails immediately
catastrophically. On the right graph, it can be seen the damage stays at zero for a certain displacement
and at the initiation of the first failure occurring, continues to fail quickly (rather vertical line) without any
reattachment (no subsequent decrease of the percentage of broken surface). Both the failure force and the
stiffness during the hardening phase of the curling simulation is lower than that of the steady peeling plot.
The main reason for this is of course the shorter length of the pad: there is less material that can absorb

deformation energy, and the shorter length does not allow a significant variation of the shear stress.
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Figure 31: Force-displacement (left) and percentage of failure-displacement (right) graphs for the simulation with parameter
values (8, o, L/t, 0, ¢, v, k) = (8, 2, 2, 0.5x1073, 32x1073, 2.6, 0.4)that exhibits a pure curling failure mode. (left) The force
is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to enforce the amount
of displacement imposed and is shown on the y-axis. The amount of displacement imposed is shown on the x-axis. (right) The
% of broken length on the cohesive zone or adhesive surface on the y-axis shows the advancement of failure and the instances
of reattachment. The amount of displacement imposed is shown on the x-axis. Reattachment is characterized by the broken
percentage going down again. For reference, the plots of the interfacial cavitation with steady peeling is shown as well.

In the curling simulation as well, quantitative agreement in the order of magnitude with the experiments from

Cohen et al.|[2018] is found. The peak force for the curling mode is here ﬁ = 0.02, and the experimentally

observed peak force is ELtf = 0.05. Again, this increases the confidence in the model showing the right

phenomena.
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5.1.2.4 Energy Distribution

The energy evolution will be discussed, with Figure [32] representing the energy variation (y-axis) in function
of the imposed displacement (x-axis). The dark blue line shows the total energy input by the application of
a force, and the red, purple, green and light blue regions show respectively the elastically stored energy in
the bulk, cohesive energy that has been dissipated (including it multiple times for elements that reattached
multiple times), stored cohesive energy, and damped energy. During the initial linear elastic phase, all the
energy is invested into elastic deformation (red region at the beginning). Upon the start of the failure line,
first an increase in elastically stored energy in the cohesive elements and afterwards, a dissipation of the
cohesive elastic and bulk elastic zone into an increasing dissipated cohesive energy is seen. Where the number
of surface elements elastically loaded to a high degree, was virtually non-existent in the interfacial cavitation,
it is apparent here. The surface zone first is loaded with elastic energy, to subsequently rapidly fail upon the

dissipation of the bulk energy into the failure of surface elements.

It is seen the amount of damped energy is lower than for the first discussed failure mode, discussed in Figure
While the curling happens fast rather than steadily, the amount of high-frequency events that we relate
to snap-through events is a lot lower. Almost no reattachment occurs and elements fail steadily at a rapid

rate, rather than because of localized stress distributions.
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Figure 32: Variation of the energy U during the peeling test for the simulation with parameter values (8, o, L/t, 60, ¢, v, k) = (8,
2,2, 0.5%x1073, 32x1073, 2.6, 0.4)that exhibits a pure curling failure mode. On the x-axis the imposed displacement is varied
and on the y-axis the energy U. The potential elastic bulk energy, cohesive energy that was dissipated, cohesive energy that is
stored, and damped energy are plotted cumulatively. The cohesive energy is calculated for mixed-mode paths, and includes the
energy of elements that have failed multiple times. The total energy put into the system by applying a force, is shown with a
dark blue line as well.
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5.1.3 Curling Followed by Interfacial Cavitation

To illustrate how curling, and the associated high level of stress build-up before failure (discussed in Section
, can be influenced by more than only the length parameter, an additional simulation result is discussed.
The same length as for the cavitation simulation in Section _ is used, and the pad is shown to exhibit
curling behavior as the failure initiation mode. All parameters are kept the same as in Section except
for the backing stiffness and the cohesive zone parameters.

B v ¢
Steady peeling 8 2.6 0.03

Pure curling 20 4.8 0.06

Table 3: Main difference between a steady peeling (Section i and a pure curling simulation (current section).

5.1.3.1 Failure Development

The failure of this pad, shown in Figure 33 with the imposed displacement increasing from (1)-(IV), shows a
mixed-mode catastrophic failure with interfacial cavitation peeling. At every stage, the (magnified) deforma-
tion of the pad is shown, with additional shading for the vertical displacements. On the bottom of the pad,
the level of damage of the cohesive zone is shown. Figures (1)-(Il) show initially lift of the opposing end of the
pad and curling detachment (1)-(Il), Figure (IIl) shows the sudden development of an interfacial cavitation
and finally in (IV) both failure field join.
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Figure 33: Failure sequence of the simulation with parameter values (3, «, L/t, 6, ¢, 7, k) = (20, 2, 15, 0.5x1073, 60x1073,
4.8, 0.4)that exhibits curling with interfacial cavitation. The imposed displacement is varied from Figure (I) to Figure (1V). At
every stage, the (magnified) deformation of the pad is shown, with additional shading for the vertical displacements. On the
bottom of the pad, the level of damage of the cohesive zone is shown. In Figure (I) the pad is placed under loading and no
damage is observed yet, a vertical lift at the surface near the opposite end is observed. (lI) The first small detachment region
near the opposite end starts developing. (lll) Sudden propagation of failure of the interfacial cavitation mode near the pulling.
(IV) Interfacial cavitation detachment and curling detachment merge. The pad is fully detached.

' AL

For the intuitive understanding, a mix of the two earlier failure modes can be imagined: during phase (1)-(11)
the stress distribution over the pad has a single resultant couple, as illustrated for the curling in Figure 29
After this, for pure curling to continue, the entire pad would need to continue to have a stress distribution
spread over the whole pad, as shown for the pure curling mode 28] For this pad, because of its length, the
variation in distribution of stresses resulted in multiple different couples over the pad length, so that the
shape and stress state of the pad reverts back to the situation described for the interfacial cavitation and
peeling mode in Figure 23] Again, for the detailed internal force distributions and an in-depth analysis of the
mechanical conditions of the pad, the reader is referred to Appendix This simulation especially shows

how competing failure modes in function of material and geometrical parameters develop.
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5.1.3.2 Surface Opening Profiles

In Figure the same peeling process explained in Figure is schematically represented by plotting the
normalized horizontal displacement at the pad surface (left), the vertical displacement at the pad surface
(middle) and the attached and detached regions (right) along the length on the layer (x/L) for varying
imposed levels of displacement (A). On the right figure, the long phase of build-up of pre-peak stresses
(yellow) followed by rapid curling from the opposite end (red near = 0) and rapid interfacial cavitation from
the pulling end (red near x = L) are visible. During this long phase before any detachment occurs, the part
of the pad near the pulling end develops a larger tangential opening (left figure) and the opposite end a larger
normal opening (middle figure). When comparing this to the pure curling phase from Section [5.1.2] where the
tangential displacement was uniform over the pad length, the reason for the development of the interfacial

cavity becomes apparent: the driving force is the higher tangential displacement relative to the pulling end.
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Figure 34: Development of failure and opening profiles for the simulation with parameter values (8, «, L/t, 0, {, v, k) = (20,
2, 15, 0.5x1073, 60x103, 4.8, 0.4)that exhibits a curling with interfacial cavitation combined failure mode. (left) On the
y-axis A or the amount of pulling displacement is advanced, and on the x-axis /L or the pad length is advanced. In other
words, the consecutive states of the tangential opening of the pad are vertically advanced over imposed displacement. The
color represents the amount of the tangential displacement. (middle) On the y-axis A or the amount of pulling displacement
is advanced, and on the x-axis z/L or the pad length is advanced. The consecutive states of the pad are vertically joined over
imposed displacements. The color scheme shows the normalized vertical displacement value. (right) On the y-axis A or the
amount of pulling displacement is advanced, and on the x-axes /L or the pad length is advanced. The consecutive states of
the pad are vertically joined over imposed displacements. The color scheme shows the advancement of the damage level. No
reattachment is observed in these graphs.

5.1.3.3 Comparison with Steady peeling

This simulations in which the pad failure initiates with curling shows two main differences with the simulation

that has a steady peeling mode as a main failure mode if L/t is kept constant.

First, it has a higher value of 3, meaning a higher Young's modulus of the backing, so that more elastic
energy can be stored in the backing. The larger difference in Young's modulus between the adhesive and the
backing, makes that for the same displacement level a higher applied force is necessary. This force creates
stresses further through the pad, affecting a larger pad length. The higher [ allows loads spreading out
further through the pad, facilitating the normal opening at the opposite end through the spreading of force

distribution over the whole pad, as opposed to locally, which eventually leads to curling.
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Secondly, a higher value of v and ( for the same value of # has also been used: the tension at the initiation of
failure of the adhesive surface is higher while the fracture energy remains the same, also resulting in a shorter,
steeper, softening phase of the cohesive law. The shorter softening phase with a higher peak stress in the
surface law allows more of the elastically stored energy to be available at the moment of the failure of the
first element. In the case where all of the pad surface is already loaded to almost peak stress and very little

additional energy can be absorbed by one single element, this will quickly lead to failure of multiple elements.

5.1.3.4 Load-displacement Response

The high build-up of pre-failure stress over the full adhesive pad and surface zone, and the subsequent quick
stress drop in the different surface elements, is also directly visible on the force-displacement plots in Figure
This figure shows the applied force versus imposed displacement left and the fraction of failed surface
elements in function of the imposed displacement on the right. The current simulation plots are shown in
red, the steady peeling discussed in Section is included again in orange and the pure curling discussed in
Section [5.1.2]is included in purple. The curling followed by interfacial cavitation simulation has a relatively
long linear elastic phase (compared to the two other simulations, left figure), corresponding with a level of
almost zero damage (right figure). Once the peak force is reached, the very short softening phase (left
figure), corresponding to a sudden failure without reattachment (right graph) concludes the abrupt failure of

this adhesive pad.

Interfacial cavitation, steady peeling and curling —— Curling followed with interfacial cavitation —— Pure curling
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Figure 35: Force-displacement (left) and percentage of failure-displacement (right) graphs for the simulation with parameter
values (B8, a, L/t, 0, ¢, v, k) = (20, 2, 15, 0.5x1073, 60x1073, 4.8, 0.4)that exhibits a pure curling failure mode. (left)
The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to enforce
the amount of displacement imposed and is shown on the y-axis. The amount of displacement imposed is shown on the x-axis.
(right) The % of broken length on the cohesive zone or adhesive surface on the y-axis shows the advancement of failure and
the instances of reattachment. The amount of displacement imposed is shown on the x-axis. Reattachment is characterized by
the broken percentage going down again and is not observed for the curling mode. For reference, the plots of the interfacial
cavitation with steady peeling, and the pure curling mode are shown as well.
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Compared to the steady peeling failure mode, the overall elastic stiffness of the pad and its peak force is
higher than for the previous cases. This corresponds to the argument made earlier stating that the curling pad
accumulates more elastic energy over a longer pad length for the same level of displacement. The softening
phase after the peak strength is also very abrupt and short for the curling mode, corresponding to the abrupt
failure of almost all elements, relative to a long softening phase for the steady peeling simulation, where the
elements fail slowly and have time to reattach. This supports again the earlier explanation about the high
amount of stored elastic energy being absorbed by the very quick and sudden failure of the surface elements
that are already loaded close to their failure level.

5.1.3.5 Energy Distribution

The energy evolution will be discussed, with Figure [36] representing the energy variation (y-axis) in function
of the imposed displacement (x-axis). The dark blue line shows the total energy input by the application of
a force, and the red, purple, green and light blue regions show respectively the elastically stored energy in
the bulk, cohesive energy that has been dissipated (including it multiple times for elements that reattached
multiple times), stored cohesive energy, and damped energy. During a very long initial elastic phase, all the
energy is invested into elastic deformation (red region until 6 = 0.18). This region, contrary to what was
observed in the pure curling simulation, continues rather far in the simulation. As a longer pad is loaded
here, this higher investment of elastic energy to fully pre-load the pad prior to any failure is natural. At
the encounter of maximal failure stress, the elastic energy transferring into cohesive dissipated energy, also
supporting our earlier argument about the mechanical reason for the occurrence of this failure mode. The
lack of a high build-up of elastic cohesive energy before peak force is not corresponding to the mechanism
observed in pure curling, where the dissipation of energy into the failure of the surface starts already before

peak force.
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Figure 36: Variation of the energy U during the peeling test for the simulation with parameter values (8, «, L/t, 0, ¢, v, k)
= (20, 2, 15, 0.5x1073, 60x10~3, 4.8, 0.4)that exhibits a curling with interfacial cavitation failure mode. On the x-axis the
imposed displacement is varied and on the y-axis the energy U. The potential elastic bulk energy, cohesive energy that was
dissipated, cohesive energy that is stored, and damped energy are plotted cumulatively. The cohesive energy is calculated for
mixed-mode paths, and includes the energy of elements that have failed multiple times. The total energy put into the system by
applying a force, is shown with a dark blue line as well.
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5.2 Infinitely Long Pad

To study the emergence of the stick-slip events in more detail, consider an infinitely long pad: the present pad
length was such that no stress at all is created at the opposite end of the pad. The material parameters used
for this simulation are detailed in Appendix[C.I] The intuitive mechanics of failure can be predicted based on
the previous simulation results and are shown in Figure[37} The boundary conditions of a rigid substrate, a
compliant surface (lower stiffness k than the adhesive stiffness E/t), and a stiffer backing pulled to the side,
are responsible for the introduction of stress distributions in the adhesive pad with resultant couples. In an
infinitely long pad, the stress distributions will gradually decrease from the pulling end through the pad.
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Figure 37: lllustration of the force distribution in the infinitely long pad. The pulling of the pad parallel to the substrate at the
stiffer backing combined with the boundary conditions at the adhesive surface creates a gradient in stress states over the pad.
Notably, there is also a gradient along the pad length in the pad, resulting in multiple different resultant couples from the internal
stress distributions.

Figure shows the propagation of peeling over the pad. The imposed displacement is increased from (1)
to (VII). At every stage, the (magnified) deformation of the pad is shown, with additional shading for the
vertical displacements. On the bottom of the pad, the level of damage of the cohesive zone is shown. In light
of the above analysis and with this failure sequence as pictured in Figure[38] it is now possible to explain the

mechanics related to the reattachment events.
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Figure 38: Failure sequence of the simulation of an infinitely long pad with parameter values (3, «, L/t, 6, ¢, v, k) = (8,
2,8, 0.5%x1073, 8x1073, 0.64, 0.4). The imposed displacement is varied from Figure () to Figure (VII). At every stage, the
(magnified) deformation of the pad is shown, with additional shading for the vertical displacements. On the bottom of the
pad, the level of damage of the cohesive zone is shown. (I) Start of the loading, vertical lift of the pad at the surface near
the pulling can be observed, as well as the initiation of damage development at the region with the lift. (I1)-(IV) A damage
front develops and propagates over the pad length from the pulling end. (V) A reattachment region is developed close to the
detachment propagation front. (VI) Detachment and reattachment front propagate. (VII-VIIl) A new reattachment region
behind the detachment front is formed: the process from (V)-(VI) repeats itself.
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In Figure (1), before the onset of failure, the initiation of the failure of an interfacial cavity is observed as
the pad above it lifts vertically under the influence of imposed stresses (shown in Figure [37). Figure (I1)-(Ill)
show then the quick formation of this interfacial cavitation region and the steady peeling phase afterwards. In
Figure (IV) a region of downwards displacement on the pad is formed (dark shaded, to the right of the failure
propagation front). We see here the mechanics that were also observed in the simulation with steady peeling
(Section : the pad length is too long (for its other energetic properties such as the backing stiffness)
for the full detached region to be under one uniform stress state. Rather, a different stress distribution in
the middle is observed and causes the downwards moment of the adhesive pad at this point in space and
time. In Figure (V) it can then be observed that this earlier region of downwards displacement is where the
adhesive pad will reattach due to contact with the surface. On Figure (VI) both the detachment front and
the reattachment front propagate and influence the stress state in the pad around them: we observe now two
regions of downwards displacement of the top of the adhesive pad. On Figure (VII) the development of a
new reattachment region close to the pulling end is observed. The influence of this region development on
the stress distributions in the pad will eventually cause the first reattachment region to definitively detach, as
shown in Figure (VIII). This process of development of a reattachment region due to stress release propagated
as a stress state through the pad length, is then stopped by the next reattachment movement. This sequence

is repeated in a steady-state manner while the pad failing continues.

Figure depicts for this simulation the applied force versus imposed displacement left and the fraction of
failed surface in function of the imposed displacement on the right. After an initial elastic region on the left
force graph, corresponding to zero failure on the right failure graph, the pad starts detaching (increase in the
right graph). The drops and re-increases in the force graph on the left, relating to the reattachment of cohesive
elements (drops in the failure propagation graph on the right), confirm that these events of detachment and
reattachment are indeed stick-slip events. Furthermore, the eventually approximately constant slope of the

reattachment region, is an additional indicator for a steady-state regime in the simulation.
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Figure 39: Force-displacement (left) and percentage of failure-displacement (right) graphs for the infinitely long pad with
parameter values (3, o, L/t, 0, ¢, v, k) = (8, 2, 8, 0.5x1073, 8x1073, 0.64, 0.4). (right) graphs for the simulation with
parameter values (8, o, L/t, 6, ¢, v, k) = (20, 2, 15, 0.5x1073, 60x 1073, 4.8, 0.4)that exhibits a pure curling failure mode.
(left) The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
enforce the amount of displacement imposed and is shown on the y-axis. The amount of displacement imposed is shown on the
x-axis. (right) The % of broken length on the cohesive zone or adhesive surface on the y-axis shows the advancement of failure
and the instances of reattachment. The amount of displacement imposed is shown on the x-axis. Reattachment is characterized
by the broken percentage going down again and is not observed for the curling mode.
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In Figure the normalized vertical displacement at the pad surface (left) and the attached and detached
regions (right) along the position in the pad (z/L) for increasing imposed displacement (A) are shown.
Reattachment on the right failure graph is observed if over a vertical line (thus on one position in the pad
over the variation of time) the damage reverts back from 1 (red) to 0 (yellow). These figures correspond to
the failure mechanism of stress distributions driving the detachment and reattachment regions as described in
Figure 38| but is zoomed out over a longer range of A values. On the left graph, after the initial development
of failure, there is a detachment front moving upwards left in the figure (the most left boundary between the
pink region and the dark blue line). To the right of this detachment front on the figure is a reattachment
area of zero vertical opening and thus contact with the surface: the pink line on the figure to the right
of the detachment wave. Perpendicular to this line on the figure, smaller alternating blue and pink lines
are observed: alternating detachment and reattachment fronts. On the right failure graph, the most left
first detachment front corresponds to the transition between the fully attached region (yellow) to the mixed
(yellow-red, reattachment) and full failure region (red). The reattachment wave in pink on the left Figure,
with connecting perpendicular smaller pink lines, correspond to the regions on the right failure graph where
reattachment is observed (dotted yellow regions in the red region). In summary, after the initial development
of failure, the detachment wave and reattachment wave are steady-state or propagate with a constant velocity

and transmits periodic waves of reattachment perpendicular to its direction on the figure.
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Figure 40: Development of failure and opening profiles for the infinitely long pad with parameter values (8, o, L/t, 0, ¢, v,
k) = (8, 2, 8, 0.5x1073, 8x10~3, 0.64, 0.4), where no effect from the opposite end is felt during development of the steady
peeling front. (left) On the y-axis A or the amount of pulling displacement is advanced, and on the x-axis 2/ L or the pad length
is advanced. The consecutive states of the pad are vertically joined over imposed displacements. The color scheme shows the
normalized vertical displacement value. (right) On the y-axis A or the amount of pulling displacement is advanced, and on the
x-axes /L or the pad length is advanced. The consecutive states of the pad are vertically joined over imposed displacements.
The color scheme shows the advancement of the damage level. The areas on the right graph that evolve vertically from red
(damage) to yellow (no damage), have reattached.

The propagation of the areas of detachment is also referred to as a Schallamach wave. While extensive studies
for force-displacement diagrams oscillating around a constant force have been done, the ones showing this
steady-state increase in force are rather sparse. Here, this type of Schallamach wave can be observed in the
simulation of the zero-degree peeling behavior of an adhesive pad. If we take for example the vertical line in
the middle of the figure matching the point located at the half of the pad, moving upwards means increasing
level of imposed displacement. One can see that the state of this point goes from contact (pink on the left
graph) to vertical upwards displacement, to contact and vertical displacement again. Conversely, if we take
a horizontal line at the middle of the y-axis, we have the state of the entire pad at all locations at a fixed
moment in timeﬂ The transition from contact to vertical opening to contact and to vertical opening again
can also be seen in this direction. The phenomenon is considered a wave since it exhibits an oscillatory shape
in both variables and location dependent. The understanding of the mechanics driving the Schallamach wave

propagation, contributes to a better understanding of the stick-slip phenomena observed.

4In the quasi-static simulations, time needs to be interpreted as the increasing displacement in the absence of dynamics.
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6 Discussion on the Effect of Non-Dimensional Parameters

Now that correspondence between failure modes, stick-slip, and failure forces of simulations and experiments
is confirmed, the influence of the surface properties on the mechanical behavior of the pad can be further
investigated. This point is especially important considering the fact that the cohesive properties are those that
are the most difficult to identify. The influence of geometrical and bulk properties 3 and L/t has become clear
when studying the mechanics of the different failure modes. Parameter « has little influence, as confirmed
in Appendix Meanwhile, the surface properties are experimentally observed to have a large range of
available values (Section and their influence is less mechanically evident than the influence of 3 and
L/t. Moreover, as will become clear here their influence is crucial for the stick-slip mechanism.

This chapter will conduct a sensitivity analysis on parameters 6 and ( that are the non-dimensional equivalents
of respectively the fracture energy and maximal stress of the cohesive law. Parameters ¢ and 6 were chosen
since the parametric study (Appendix showed that changing ~y by changing &y had practically no influence
on the occurrence of stick-slip events in the studied parameter range. Appendix [C.5| contains the sensitivity
analysis for all other parameters as well for the sake of completeness. Simulations will be run from the

reference cases, of which parameter values are listed in Appendix [C.1]

6.1 Influence of Cohesive Zone Parameters

6.1.1 Influence of Surface Failure Energy 0

With increasing 6 (non-dimensional equivalent of surface fracture energy), while keeping all other parameters
constant, the softening phase of the cohesive law becomes longer, while the elastic phase remains constant.
The same opening plots that were studied earlier for the failure mode are now compared for two simulations
that only differ in the value of 6 used in them. Figure [41| shows the normalized horizontal displacement along
the pad surface (left) and the normalized vertical displacement along the pad surface (middle), as well as the
attached and detached regions (right) along the pad length (/L) for varying imposed displacements (A).

@ = 0.05 x10°
0.4 D
1
A
0.2
0
0.0
x/L 1 0 x/L 1
= 1.25 x10°
6nlbc D
1
A i
0.47
]
0.00 1

0 X/L 1

Figure 41: Detachment analysis of the surface of two pads with as only different parameter 6. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.
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The first very clear difference is observed in the right damage graph, where the larger value of 8 is responsible
for a softening phase (orange parts, 0 < D < 1) that is a lot more extended over the y-axis (imposed
displacement) than at the smaller value of 6, where virtually no softening phase is observed (almost no
intermediate values of damage present). Interestingly, in the area where softening occurs on the large 6
graph, reattachment occurs on the small § graph. Virtually no reattachment is observed for the larger 6.
Thus, a higher area under the softening part of the curve, equivalent to a higher fracture toughness of the
surface, prevents reattachment. The initiation of the softening phase is also seen to be starting at a higher
displacement for a large 6. In the Figure left graphs, it is observed that the tangential opening in both
graphs follows the shape of the propagation front (initiation of detachment line where D becomes larger than
0) on the failure development graph. Additionally, the curling normal opening on the middle graph for a
higher 0 is higher than for a lower 6 as a result of these tangential displacements, the curling has more time

to develop as its failure is accompanied by softening as well.

As discussed earlier, during the failure of cohesive surface elements stress relaxation to the surrounding bulk
material is provided. This sudden stress relaxation and its corresponding deformation field, then create stress
distributions in the pad that cause vertical displacements and ultimately reattachment. As the softening is
stretched out over a longer range of imposed displacements for a bigger value of 8, this stress relaxation is
not happening suddenly anymore. In addition, as softening of the cohesive elements is going on after the
peak stress for higher 6, in a region where the element would have broken for lower @, during this softening

phase energy is absorbed and the rest of the pad initiates failure later.

In Figure [42] left the corresponding applied force in function of the imposed displacement, and on the right,
the fraction of broken elements of the surface are plotted for a range of 6 values. In this right figure, the
lack of reattachment in the graphs with higher 6 is confirmed. The globally increased force with increasing 6
(Figure [42] left) also corresponds to the higher total energy of the system to reach full failure. Further, it is
visible on the figure that stick-slip related to the reattachment events is present only at low values of 6.
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Figure 42: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter 6. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to pull
this end the amount of displacement imposed. Note that the large drop in the force near the end of the simulation in the blue
curve is a non-physical mesh effect and can be disregarded, as explained in the convergence analysis in Appendix@
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6.1.2 Influence of Maximal Surface Traction (

With increasing ¢ (non-dimensional equivalent of peak traction of the cohesive law), while keeping other
parameters (including 6 or non-dimensional surface energy) constant, the higher maximal stress will lead to
a lower area under the softening part of the cohesive law (while increasing the area under the elastic part of
the law). A shorter softening phase will be obtained, meaning the difference between 4. and Jy is lower. In
Figure [43] left the corresponding force in function of the imposed displacement, and on the right, the fraction
of surface failure is plotted for a range of ¢ values. On this figure, it is clear that with increasing ¢, the applied
force levels increase and stick-slip events increase (Figure. The increase of force is a natural result of the

maximal stress in the cohesive law increasing.

For interpretation of the increase in stick-slip events, there are two possible explanations. The first one is
the increase of peak traction of the cohesive law and the second one is the resulting decrease in area under
the softening part of the cohesive law. Now, as 6 also creates the latter effect, but the difference in the
occurrence of stick-slip is less pronounced for varying values of 6 (Figure , it cannot be the sole factor that
explains the increase in stick-slip events. The increase in maximal stress must contribute as well. Essentially,
the increase in peak traction creates a localization of the detachment of elements, while at low peak stresses

a larger part of the pad length will be activated.
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Figure 43: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter (. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed. Note that the large drop in the force near the end of the simulation in the
red curve is a non-physical mesh effect and can be disregarded, as explained in the convergence analysis in Appendix@
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Figure @ shows the normalized horizontal displacement at the pad surface (left) and vertical displacement
at the pad surface (middle) and the attached and detached regions (right) along the pad length (z/L) for
varying imposed displacements (A) for two different values of parameter ¢, all other values being equal.
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Figure 44: Detachment analysis of the surface of two pads with as only different parameter (. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.

X/L

First, the right figure shows that indeed higher values of { are linked to reattachment events. Further, the
right figure shows that the initiation of detachment happens at a lower displacement for a lower (, something
we did not observe in Figure [41] for the variation of 6. This is linked to a lower energy under the elastic part
of the cohesive law and a higher energy under the elastic part of the simulations with a lower (: elements will
reach maximal stress faster and during the softening phase, more of the pad length will be activated as the
elements’ maximal stress value is lower. The result of this mechanism is also visible on the displacement graph
on the left and the middle figure where both the tangential and normal opening are spread out more over
the whole pad for lower values of (. This relates to the dissipation of energy and over a longer pad length,
altering the distribution of internal stresses, spreading it over the whole pad, rather than to stay localized for

the smaller value of (.
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6.2 Occurrence of Stick-Slip

The observation of these energy transitions and mechanics responsible for the influence of the surface pa-
rameters, inspires a broader search of the effect of the variation of both parameters to characterize in which
regions of the parameter space stick-slip will be observed. The corresponding phase-diagram for the variation
of ( = % (y-axis) and 6§ = % (x-axis) of the occurrence of stick-slip is shown in Figure In the dark grey
crosses stick-slip events were observed in the simulations, while the light grey crosses indicate no stick-slip ob-
served in the simulations. The 'cohesive’ law limit is the zone for which the elastic energy in the cohesive zone
at the peak stress would become higher than the total energy (corresponding to a negative fracture energy
for the softening area under the graph, which is physically impossible). The time limit is where simulations

ran too long because of their long softening phases with large J. values: no result could be analyzed.
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Figure 45: Diagram of occurrence of stick-slip in function of { = % and 6 = % The dark grey crosses are simulations where

stick-slip occurred and the light ones where stick-slip was absent. On the top left no simulations could be done, as §. < do,
while on the bottom left the long non-linear phases of the simulation caused the simulation to time out before it was finished.
The stick-slip events are observed close to the cohesive law limit, i.e. when the softening phases are very short (low d. — dp)
and snap-through behaviors are observed as well. For the development of this graph, one single event of stick-slip was ignored
and only curve with consistently a large amount of stick-slip were marked as having stick-slip. Large non-physical drops and
re-increases in force as discussed in Appendixwere disregarded.

The phase-diagram shows that stick-slip occurs mostly for higher values of (, and secondly that the combina-
tion of a low 6 and a high ¢ favors the occurrence of stick-slip even more. This supports our earlier conclusion:
stick-slip events are related mostly to higher maximal stresses of the adhesive surface, and even more if those
are combined with steep, short softening phases. Steep refers to a more negative slope (induced by the higher
maximal surface stress) and short refers to a smaller difference between 6. and dy. The higher stress allows
for the localization of the internal stresses (as discussed in Section [6.1.2)), while the short softening phase
(low 0.) allows for the energy to be transferred into elastic energy (creating stress distributions) that will
eventually cause reattachment. As the softening phase becomes longer and J. higher, the softening of other
elements will modify their energy balance and no reattachment will occur. At the same time, if the softening
phase is short, but the maximal stress ({) is low, the energy that is released during softening is too low to

create the reattachment wave.
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7 Conclusion and Perspectives

A finite element model was used to investigate the driving force for the detachment of a bi-layer adhesive
pad under a zero-degree peeling test. The possibility of reattachment was included, based on a dedicated
cohesive zone model. Following recent experimental observations of competing failure modes and stick-slip,
the experimental behavior was very well captured by the simulations. The influence of material and geometrical
parameters on the failure mode was explained and stick-slip was observed to occur for the same geometrical
and material parameter ranges as in the experiments. The model was further exploited to investigate the

physical range of the adhesive surface zone parameters.

Failure modes and occurrence of stick-slip. The development of this finite element model allowed not
only to study the conditions under which the three different failure modes: interfacial cavitation, steady
peeling, and curling, occur, but it also allowed to explain their mechanical origin, their driving force and
the energetic exchanges responsible for their occurrence. It was shown that the stress distributions in the
adhesive pad under the influence of the boundary conditions and of the interfacial failure are the driving force
for the failure mechanism and for the stick-slip behavior. Interfacial cavitation and curling are linked to a
high degree of build-up of pre-peak stresses of the surface, corresponding to a brittle, unstable behavior of
the pad. Meanwhile, the steady peeling mode shows a more ductile force-displacement response, also being
the only failure mode during which stick-slip is observed. To model this peeling mode correctly, reattachment

is crucial.

Representing stick-slip and Schallamach waves with reversible cohesive elements. As no earlier finite
element study of surface-surface sliding of a soft material of finite thickness over a rigid substrate was previously
conducted for this type of stick-slip behavior, the relatively limited adaptation we deployed here to represent
reattachment in the cohesive law can potentially be employed in future work in classical cohesive elements.
Our work also showed that to correctly represent peeling under a zero-degree angle of adhesive, reattachment
is crucial. The stick-slip is accompanied by Schallamach waves carrying the elastic deformation that cause the
reattachment. The observation of stick-slip and Schallamach waves in a quasi-static simulation, suggests they
could be prevalent in a larger extent of mechanical situations than first thought. Peeling simulations could be
further exploited to investigate these waves in more depth. Future work could use the adaptation we propose
here in any intrinsic cohesive zone model for the modeling of adhesive peeling under a zero-degree test,
other peeling geometries such as torsion, or for other mechanical phenomena where stick-slip accompanied by

Schallamach waves occurs.
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Surface properties. Next, it was shown that both bulk properties and surface properties are of importance
for the stress state of the adhesive. In this context, it needs to be remarked that the cohesive zone properties
were assumed independent of the bulk properties. While surface properties can be indeed adapted with
different techniques, for a non-altered soft adhesive, a certain set of natural surface properties are related to
the bulk material as well, but this relation is still unknown. It was also remarked that reported experimental
values of surface properties show a large variability, depending on production methods. We remark that
the exact matching of failure force in the experiments and simulation might become possible if the physical
surface properties are actually known. Two suggestions for future studies emerge. For future studies in the
chemical field, exploring the relations between the bulk material and the surface properties of soft materials,
could allow extending the results of simulations and analytical studies to a pad-optimization process. For
experimental studies on soft materials, a study on the production-method variability analysis of the adhesive
surface properties, would allow for more exact numerical comparisons between theory or numerical model and

reality.

Cohesive law shape. Regarding the cohesive zone properties, it was shown that stick-slip events are pro-
moted in parameter ranges where the cohesive zone has a relatively high failure stress and a low cohesive
energy under the softening part of the cohesive law. As stick-slip is also observed in experiments, this suggests
that the cohesive law with high peak stresses and a limited softening will provide numerical results close to

reality. For future numerical studies, we suggest using this type of law.

Perspectives. The assumptions included in the simulation are the use of the neo-Hookean material law
instead of a visco-elastic rate-dependent law, the not exact matching of incompressible properties, the con-
sideration of only the quasi-static case rather than a full dynamic case, and the approximation of the system
by a two-dimensional simulation. Further, this adaptation of the cohesive law does not allow to represent
the forces in the stiff substrate well. As discussed in the introduction, it was also recently suggested that an
adhesive reattachment force is already acting on the sample before it comes into contact with the surface,
while this study only considers reattachment once adhesive and rigid surface come into full contact. Future
studies might explore the significance of these assumptions on the simulation results. There is especially an
interest in exploring the inclusion of rate-dependent behavior, as this could potentially allow modeling the

snap-through behaviors dynamically and explore the physics happening during this phase.
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Impact on the state of the art. Soft adhesives have long been of great interest, as they show a superior
capacity to re-adhere. Their behavior has been widely studied, experimentally, analytically, and in finite
element simulations. However, a large part of the physics responsible for their detachment behavior is still
not fully understood. In particular, stick-slip behavior where the pad detaches and reattaches, corresponding
to a drop and re-increase in the force-displacement curve, has been experimentally observed and partially
analytically explained, but so far finite element simulations have not been able to capture the phase after
reattachment. Recently, formulations coupling friction and adhesion to deal with this have emerged. Until now,
their focus has been on the sliding of a sphere or cylinder over a surface, either the surface or sphere/cylinder
being a soft adhesive and the other a stiff substrate. The representation of stick-slip behavior and the
accompanying Schallamach waves have not earlier been investigated. In this study, we managed to capture
this behavior and obtain very good correspondence with the experiments. The finite element model allows
explaining the mechanics underlying the failure and reattachment mechanisms, and explores the variability
of the surface properties. The fundamental mechanics that are the driving force for the stick-slip, suggest
that Schallamach waves could be more omnipresent over different length scales than originally thought. In
particular, in the field of earthquake engineering for the study of tectonic plate sliding, this has been suggested
already [Ronsin et al.| 2011} [Galeano et al .} [2000] [Festa et al., [2010} [Uenishi and Rice, [2003]. More generally,
the sliding of any soft surface over a rigid surface that is gradually loaded could exhibit the same kind of
behavior. Moreover, the adaptation to the cohesive law proposed here is implementable in any intrinsic

cohesive law with limited adaptations.
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Appendices

A Additional Examples of Applications

In the introduction in Section [I.I] a couple of examples of the applications of stronger adhesive pads were
mentioned. This Appendix will describe some of the applications in more depth to show the extent of the

possibilities emerging from dry adhesive technology, who go far beyond mimicking gecko feet.

Robots with adhesive feet show exceptional climbing abilities, showing reversibility of their adhesive feet

without damaging the surface on which they are climbing [Li et al., 2016, |Dharmawan et al/ [2019} Sahay|
. Their application ranges from inspection devices in dangerous environments such as high-rise
buildings and nuclear power plants [Menon et al 2004] to search and rescue operations [Dharmawan et al.,
. Examples of designs of such adhesive robots are shown in Figure

Figure 46: Climbing robots, designed with adhesive surfaces as feet. Different designs exist, ranging from spider-inspired (left)
to gecko-inspired (right) designs and adhesive wheels (middle). An example of future applications of better design of adhesive

pads, achieved from the current state-of-the-art knowledge. Pictures from 2016).

Continuing in the field of robotics, high-precision grippers have gained interest because they allow moving
objects without modifying or damaging them, as dry adhesives do not leave any residue and because of their
visco-elastic behavior do not indent the hard materials they attach to [Shintake et al [2018] [Lee et al] [2019]
[Zhang and Lu| 2020, |Hsiao et al/, [2019]. They can be applied in minimally invasive surgery, where instead

of an incision, a mechanical robot is inserted in the patient to execute the surgery|Rateni et al., [2015], or

assist in invasive surgery, replacing a human hand by a more precise robotic gripper [Hammond et al| [2014].

High-precision non-damaging gripper application has recently also been extended to the probing of fragile

biological samples under-water, in the case of deep reefs |Galloway et all |2016]. Figure [47] shows images of

these various applications.
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(a) Soft gripper for minimally inva-  (b) Super-precise sensors used for medical pro-  (c) Device used to micro-probe and
sive surgical procedures where instead  cedures, where a robot gripping device can  grip coral without damaging them
of an incision, a mechanical device more accurately monitor the applied pressure  with soft adhesives. Figure from [Gal{
is inserted in the body. Figure from  and thus the amount of damage caused, than |loway et al. |2016|.

[2015]. a human could. Figure from |[Hammond et al.
2014).

Figure 47: Images showing examples of applications of soft, dry adhesives in high-precision non-damaging robots. Dry adhesives
are superior in that they do not leave any residue on the material, yet allow to capture it very precisely and hold it reliably.

In medicine, bio-compatible dry adhesives allow large mechanical deformations, adaptability to changing tissue,
compatibility with pharmaceutical compounds, and can adhere quickly and easily to rough or wet surfaces
[Baik et al} [2019| [Boyadzhieva et al.,[2019]. They are thus used as scaffolds for external wounds
let al, and scaffolds for eye wounds 2007], but also as tissue defect repair patches for the heart,
abdomen or stomach [Hsiao et al} 2019, [Fujie et al., [2009] or as pharmaceutical drug patches
2016]. The adhesive attachment of such pads allows sealing the tissue defect with damaging close-by
tissue with anchoring systems [Hsiao et al.,|2019]. In other applications, wearable electronics are incorporated

into skin patches or drugs are delivered through the skin [Baik et al.} [2019]. Illustrative images of electronics
in adhesive patches and adhesive patches to repair internal tissue damage are shown in Figure [48]

>
-

- »
&..‘...4‘;;..;

(a) Adhesive patch attached to the skin with a wear-  (b) lllustration of application of adhesive patches for healing internal
able electronic registering vital sign. Figure from  skin tissue damage of the heart, abdomen, or stomach by application

Baik et al. . of pressure with balloons. Figure from [2019].

Figure 48: Images showing examples of applications of soft, dry adhesives in medical patches for internal tissue damage healing
and externally applied with wearable electronics for monitoring of vital functions.
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B Appendices to Simulation Development

B.1 Finite Element Solution Method in Akantu

The finite element solution method used in Akantu uses a modified Newton-Raphson method to solve nonlinear
systems. In the dynamic solution procedure, this is implemented as a predictor and corrector scheme. The
dynamic solution method is based on a Newmark-Beta discretization of time, with as default setting the
central difference method, an explicit integration scheme. In this section, detailed descriptions of the solution
methods are given, largely reproduced from [Richart/ [2016]. Note that no special notation will be used for

tensors and vectors, as this differentiation is already explicitly made in the text.

Akantu allows the input of Dirichlet (displacement) or Neumann (tractions) imposed boundary conditions.
For static simulations, the following equation needs to be solved, to obtain the full state of the system under
static equilibrium:

Fint(u) = Feat (26)

Where K is the global stiffness matrix of the solid, F. , is the internal force vector, calculated based on the
vector of the nodal displacements u and F.,; is the vector of applied forces.The internal force vector at the
previous iteration is denoted F} , and the displacement increment relative to the last iteration is denoted

du't1. The linearization leads to a systems of equations expressed as:

K% = Fpy — F

int

(27)

A modified Newton-Raphson scheme is implemented to solve the equation. The modified scheme refers to the
update of stiffness tensor K at every iteration. In a non-linear scheme, K is dependant on the displacement of
the nodes. During the Newton-Raphson iterations, K is updated according to the new displacement vector.
A pre-defined maximum tolerance 7,.csidua; i input and the scheme is continued until the difference between
internal and external forces is smaller than the predefined tolerance, or until too many iterations have been

executed The iteration-based solution procedure is started from the initial displacement u°.

1 = || Fear=Finl| = [[Fene = Ku'l] (282)
While 7° >7pesidual : (28b)
K -é6u' =r" — Solve for su’ (28c)

't =o'+ u (28d)

recalculate 7 (28e)
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For a dynamic system without damping, the system of equations to solve becomes:
Mi+ Ku = Feuy (29)

Where i designates the nodal acceleration vector,  the nodal velocity vector and M the mass matrix of the
system. In our case, this is the lumped mass matrix. Other choices are possible as well depending on the
targeted application. The Newmark-Beta scheme for the solution of a time-discretization problem consists of
a system of three equations to be solved:

Mgy ae + Kuryar = Fegt t+at (30a)
Ut At = Ug + (1 — Oé)At . ’[Lt + alt - at+At + (1/2 — a)(At)2 . ’dt (30b)
Uy = U + (1 = B)AL iy + BAL - iy py (30c)

The last known time is ¢t and the timestep used is At. Prior knowledge of the full state of the system at
time t exists, as well as boundary conditions for the time ¢ + At. Parameters for accuracy and stability of
the algorithm are « and . In Akantu, § is set to 1/2 and by default, « is equal to 0, which simplifies to
the central difference method, an explicit solution procedure. Setting 5 = 1/2 and o = 1/2 results in an
implicit schema, the middle point role, that is unconditionally stable (but does not necessarily converge in the

Newton-Raphson solution iteration).

M n + Kugpar = Fept i at (31a)
Uppar = u + At -1y + 1/2(A8)? - iy (31b)
ut+At = ’l:Lt + 1/2Atut + 1/2Atut+At (31C)

To solve the system of equations practically, a solution method with a predictor and corrector is used.

Uppar = U + At -Gy + 1/2(A8)? - iy (32a)
W, =+ Aty (32b)
M - (0 + tig) = Fewt,t4nt — Finttrar = Featprne — Kugpae (32¢)
Gerar = W, + %&1 (32d)
iy ar = iy + Ol (32¢)
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B.2 Validation of the Reattachment at a Different Location in the Cohesive Law

The reattachment adaptation of the cohesive law was validated using a simulation of simple pulling tests,
both in a static and a dynamic simulation. The test confirms that the same behavior is recovered after
reattachment at a different location. The test sequence is shown in Figure and the corresponding force
response is schematically illustrated in Figure It consists of two blocks joined by a cohesive zone being
pulled until full damage of the cohesive zone. Then, the top block is moved sideways and pressed downwards
for reattachment. Once reattached, it is pulled upwards again to test the reattachment. The exact same
behavior on the top block and cohesive zone should be and is observed during the pulling before and after

reattachment. The same test is done in three dimensions and is confirmed to work as well.

(a) (b) (c) (d) (e) (f) (8) (h) (i)

r

T N (¥

T T

— T
Al Al Al A A A Al A

Figure 49: Sequence of the pulling test confirming the correct implementation of the cohesive zone, where reattachment at
another location is allowed. Two blocks with a cohesive zone in between are pulled in tension until full damage of the cohesive
zone. (Figures a-c) The top block is moved sideways (Figure d) and pressed downwards (Figure e) for reattachment (Figure f).
Once reattached, it is pulled upwards (Figure g-i). The exact same behavior on the top block and cohesive zone should be and
is observed.

Movement L ‘ | ‘
to cohesive ‘
element ‘ ‘ ‘
y | | | time
Movement || ‘
to cohesive
element
‘ ‘ time
Force | /\
(a) (b) (c) (d) (e) ® (g () 0] time

reattachment

Figure 50: Schematic force values for the pulling test confirming the functioning of the reversibility of the cohesive zone,
corresponding to Figure@ Two blocks with a cohesive zone in between are pulled in tension until full damage of the cohesive
zone: the perpendicular movement steadily increases while the force follows the cohesive law. (Figures a-c) The top block is
moved sideways, increasing parallel displacement steadily (Figure d) and pressed downwards decreasing perpendicular movement
(Figure e) for reattachment (Figure f). Once reattached, it is pulled upwards (Figure g-i). The exact same behavior is observed
before and after reattachment in sequence a-c and g-i.

As the behavior should correspond exactly according to the implementation of the formulae and is confirmed

to do so, the material parameters used are of no significance here and therefore not reported.
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B.3 Determination of Desired Damping Value

An initial estimate for an appropriate Z;4:mp1% Was obtained by pulling a 2D square block of linear elastic
material and without a cohesive zone in pure tension with a speed v until 1 % strain and releasing it to
observe oscillations resulting from the loading relaxation. This was done for different values of £;4,,,19%, for

material parameters similar to the simulations. The parameters used for this are shown in Table

Young’s modulus F 100 kPa
Poisson’s ratio p 0.45 [-]

Mass Density p 1000 kg/m?
Dimension ¢ 10 mm
Element size ¢ 1 mm

Speed v 0.5 mm/s

Time to 1 % damping t,,,,,1% | 1ms, 1us, 100, 10 ns, 0

Table 4: Material properties used for the calibration test of the time to 1 % damping.

The desired situation is to have the block returning almost immediately to its stable position at rest, both in
the pulling direction and in the perpendicular direction without oscillations. The results obtained are shown on
Figure[5I] The damping time of 0 s matches an infinite damping, while the no damping case is not depicted
as the simulation would not converge. Instead, the highest possible damping time is used as a reference for
little damping as it is visible that for this case already the amount of damping is insufficient. The graphs show
that at an infinite amount of damping and at low damping times, the damping creates additional resistance
and the level force is affected in a physically unacceptable way. Damping times that do not significantly
increase the force level and sufficiently damp oscillations, are 1-10 ns. This will be used as an initial estimate
for the damping time and during the execution of the adhesive pad simulations, and will be further corrected

where necessary.
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Figure 51: Results of the pulling test to calibrate damping for a loading velocity comparable to the simulation. Different colors
are used for the different damping times. The right graphs show the behavior in the pulling direction, the left graphs in the
perpendicular direction. The top graph shows the displacement (expressed as stretch of the full block) and the bottom graphs
the force. For the displacement and perpendicular force, the node furthest away from the middle of the block is studied and for
the pulling force, the resultant of forces for all the pulled nodes is studied. All graphs show that a damping time of 1 ms causes
excessive oscillations. Meanwhile, the graphs for 0 s (infinite damping) and 10 ns overlap. They show undesirable characteristics:
a non-physically high pulling force, higher displacement in the perpendicular direction, and a very long time to return to the
equilibrium position. The values of 1-10 ps corresponds best to the desired behavior.
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B.4 Visualization of Solution Algorithm

The simulation is started with a static solution procedure, switched to a dynamic solution procedure as soon

as damage is sufficiently initiated, and pulling is paused at the instances of breaking of cohesive elements.

At the start of the dynamic procedure and after pulling pauses, the velocity is imposed gradually. This is

summarized in the following visualization of the algorithm.

Static simulation
(velocity = 0, acceleration =0)

Upon sufficient damage (>0.1) of one cohesive element

Dynamic simulation: keep pulled edge at constant position
Check at every timestep: Are any new elements broken or repaired?

NO| |For less than 10 time steps | YES

| For more than 10 time steps |

Increase velocity with triangular acceleration profile
Check at every timestep: Are any new elements broken or repaired?

[VES |
YES

NO| |Ve|ocity not reached

| Velocity reached |

Keep constant velocity
Check at every timestep: Are any new elements broken or repaired?
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C Appendices to Results

C.1 Selection of Design Parameters

The geometrical parameters L,t and t; of the simulations are chosen in the same order of magnitude as
earlier experiments |[Cohen et al., 2018, |[Honsali, [2018]. Bulk properties of elastic stiffness of the adhesive and
backing were chosen among reasonable values for a PDMS sample, a commonly used soft adhesive. The linear
elastic stiffness of the adhesive surface is chosen of the same order of magnitude as approximations based on
fitting to experiments in [Cohen et al.| 2018]. For the surface properties: the surface strength, energy, and
mixed-mode coupling factor, a range of possible values was found in the literature (Section . Due to this
uncertainty, the values were chosen for numerical convenience: small enough to allow failure in a reasonable

time and large enough to allow convergence.

The following normalization values used and numerical properties used are common for all two-dimensional
simulations. The depth of the pad d is in this case a geometrical as well as numerical parameter since this
is by definition the case for a two-dimensional simulation: all output units are expressed per depth unit of

length.

Geometrical and bulk properties
t E d
8 mm 50 kPa 1m

Numerical Properties

v v v’ tl%damp Tdamp Lcohesive 14
045 0.6mm/s 85x10"% 0.1ms 1130 0.8 mm 1000 kg/33

Table 5: The normalization values E and ¢t and numerical properties used for all simulations.

The parameters used for the simulations in the results are shown in Table [6]

Appendices C.1



‘loineyaq adn|ie] _uma 9AISaype syl Jo %U:um 9yl JOJ pIasn aJam 1EY] suolle|nuwis aduaJiajal jualajjip OM] 3yl 404 pasn sio1oweled 2oe4ins pue _mu_\_HWEOOM 40 1817 9 9|qe |

T G20 9 960 1990 9 T0 €0 (0] ! m H OU—\_UW._@>=OU .>G_>_H_w=wm J9)aweied
T 520 9 960 2990 9 10 €0 05 - ) weiSep aseyd dijs-3o1s

T 52900 1 6T €800 1 5200 9°0 05 Aﬂ ) @2udBionu0d diS-1INS

) 50 8 ¥9°0 I ¥ z0 A 00T Amv ped Suoj Ajpnuyu)

0 Sv°0 09 8y 210 0€ 810 3 00T AE Juoneyaed jeepaiul yum Suipun)

) 50 ze 9¢ G20 9T z0 971 00T (lz'1°g|) Bunand aung

) 50 ze 9C G20 o1 z0 o1 00T (|1'1°g)) Sunand pue Buipad ‘uonenne)

&l (g—01)g  (g—01)d & (ww)?o (w/NoOT)¥ (w/re—01)°D (vdy)?0  (wrl)0p

soipadoad jeuoisuswip-uop

saipadoad jeuoisuswiqg

sai4adoad aseyng

ST 91 o0 0cCI ¥0 ] . ) @2ua84anu0d ‘ApANISUSs Ja1aWeled d
! 91 o0 0ct ¥0 8 - we.Seip aseyd dijg-xa115
sT oT 20 0zt 0 8 . ) @ouaB1eAU0d dijS-4oNS
08 8 z0 0v9 4 8 ([cq]) ped Buoj Kjpauyuy
61 0C z0 0zt g 8 AE )uonenned |eepaul yum Suland
4 8 20 91 4 8 (lz'1g) Sund aung
ST 8 ¢0 0¢t c 8 (11'1°g|) Suand pue Suipad ‘uonelined
1T g © (ww) T (dm)'a  (ww)h

saiadoad jeuoisuswip-uop

saipadoad jeuoisuswiqg

saipadoud yng pue |ed1112W099)

C.2

Appendices



C.2 Discussion of Convergence

The simulation results need to be converged in terms of mesh size refinement and of dynamic time step to
prove convergence in time and space. A sample simulation will be used to show convergence, and as there is
sufficient convergence to coarsen both mesh and time step, changing parameters without ceasing convergence

is still possible.

The dynamic time step used of 0.57,,;; is converged: the curves for all smaller times steps almost exactly
coincide with this one as seen on Figure[52] Some curves do show a spike in the moment of transition from a
static to dynamic timestep: as this does not happen in all curves, this is not a physical event but a numerical
side-effect of imposing a velocity and thus an acceleration. It can be seen that only the very large time steps
of higher than 27,,;; depart from the other curves. Moreover, the opening profiles of 0.1257,.;; and 17T..;+

look exactly the same (figure not included).

100
0.125 xATene
—— 0.25 xATq
0.16 —— 0.5 XATer
1 *ATee
— 2 XATem
— 4 XATenr
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f/'f 0.125 XATcr
;f/ 0.25 xAT
;:‘-’/ — 0.5 xAT e
/4 1 XATer
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\ —— 4 XATen /
0
0.00 0.15 0.30 0.00 0.15 0.30
A A

Figure 52: Force-displacement (left) and percentage of failure-displacement (right) graphs for simulations with different dynamic
time steps. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing
to pull this end the amount of displacement imposed. Until a time step of the size of the critical time step, there is an almost
exact correspondence between the curves.

The mesh convergence study also shows a high coincidence between mesh size varied over a factor up to 30.
Almost exact correspondence in the force-displacement curve is obtained (Figure left), with the exception
of the transition between the static and dynamic simulation that shows different spikes and the occurrence
of a large drop and re-increase in force at the end of the simulation. Both of these events happen at larger
meshes and are non-physical. The first spike in force is related to the build-up of a velocity in a shorter
time, which has a relatively bigger effect on larger meshes. The drop and re-increases in force on the end for
larger meshes are related to the pad being almost fully detached: in coarse meshes force redistributions in the
elements lead more easily to non-physical detachment and reattachment. Both numerical phenomena have
only a limited effect on the perceptual failure curve (Figure [53| right) as all the curves are almost coinciding.

Even better convergence is reached at an element size of ¢/5 to ¢/10.
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Figure 53: Force-displacement (left) and percentage of failure-displacement (right) graphs for simulations with different mesh
sizes: the lengths shown are the size of the cohesive elements. The force is the total pulling force in the X-direction that needs to
be exerted upon the pulling end of the backing to pull this end the amount of displacement imposed. While the force converges
even at very rough meshes, the failure needs a more fine mesh to converge: t/5 is sufficient but ¢t/10 would be preferred.

The opening profiles for simulations with a very large difference in mesh size, even when their global failure
evolution (Figure right) differs, shows very little differences in Figure While the graphical resolution of
the simulation with a very rough mesh is not as high (more blurring) as with a fine mesh size, the evolution
and magnitude of events happening is barely affected. The non-physical mesh effects (drop and re-increase
in force at the end, a spike in force at the beginning) do not create any significant difference in the opening
profile here either. Rather than unnecessarily refining the mesh, these events can thus be disregarded in

analyzing the physical situation.
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Figure 54: Detachment analysis of the surface of two simulations using different mesh sizes. The amount of displacement is
advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the opening
of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right graphs
the damage of the surface.
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To investigate the mesh-dependence of stick-slip events, convergence of another simulation with large amounts
of stick-slip is checked. For the material parameters used for this simulation, refer to Appendix It is
found, as shown in the force-displacement graphs in Figure [55| for different mesh sizes, that the occurrence
of stick-slip is mesh-independent. The size of the force drops and their amount does vary with mesh size,
but the regions of their occurrence and their existence are mesh independent. It is concluded based on this

analysis that stick-slip is not a mesh effect and the mesh size is sufficiently refined to capture it.
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Figure 55: Force-displacement (left) and percentage of failure-displacement (right) graphs for simulations with different mesh
sizes. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to pull
this end the amount of displacement imposed. Good correspondence between all mesh sizes is found. The amount of stick-slip
and the size of the force drops related to it vary with mesh size, but the location and the occurrence of stick-slip do not.
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C.3 Linear Elastic Region

In the linear elastic region of the simulation, upon application of an almost infinitesimally small displacement
on the backing, the pad forms a cavitation-like shape as shown in Figure[56] The boundary conditions of the
rigid substrate and the sideways pulling of the backing cause a moment in the pad that creates this shape
which can also be observed in Figure [57] (top). Figure 58] (top) shows the mechanical reason for this: all the

stress is located in the backing.

reference case

0.2 — BXx5
— L/t x 0.2

5,/
0.1

0.0

0 X/L 1

Figure 56: Shape in the normal direction of the pad surface at very small displacements (7 orders of magnitude smaller than the
pad thickness). A reference case with mixed cavitation and curling shapes is shown, together with the shape if the parameters
B and L/t are varied. Both a higher 8 and a lower L/t favor curling development over interfacial cavity development.

In a pad with a stiffer backing (higher (), this force will be spread through a longer part of the backing as
shown in Figure resulting in a more arched deformation as shown in Figure In shorter pads (lower
L/t), if the same length of the backing is activated, this constitutes a relatively longer part of the pad, also
shown in Figure Figure |57| then shows how this deformation field for a lower L/t ratio is not stretched
out enough to develop a successive convex and concave curvatures along the pad length starting from the
pulling end, but only a convex curvature is developed. It is these bulk parameters (stiffness of the backing,
length of the pad) that thus will determine how the pulling forces are distributed in the pad relative to the

pulled distance, prior to detachment initiation.

The adhesive surface layer failure characteristics (¢, 8) then determines for which level of imposed displacement

failure will initiate. These parameters determine at which displacement the first element starts softening.
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Figure 57: Visualisation of the shape of the pad at very small deformation. Shown in color are the displacements in the Y
direction. Visual magnification of the deformation is applied. The pad is shown for the reference case, with a 5 times higher
and with a 5 times lower L/t to show the influence of these parameters. Number are expressed in terms of the pulled displacement
A, and a different scale is used for the case with a lower L/¢. Both a higher 8 and a lower L/t favor a single-curved convex
shape, while the reference case shows more of a tendency to develop a double curvature: concave near the pulling end and convex
further towards the opposite end.

Internal Stress
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Visual magnification. .
of deformation: 0.01/
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Figure 58: Visualisation of the shape of the pad at very small deformation. Shown in color are the total internal stresses. Visual
magnification of the deformation is applied. The pad is shown for the reference case, with a 5 times higher 8 and with a 5
times lower L/t to show the influence of these parameters. Number are expressed in terms of the pulled displacement A, and
a different scale is used for the case with a lower L/t. Both a higher 5 and a lower L/t allow the stresses to distribute over a
larger portion of the backing.
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C.4 Discretized Model Internal Distributions

Results showed that it is the stress distribution inside the soft material of the adhesive pad that leads to
the failure behavior. These distributions could intuitively be understood based on the deformation graphs
shown in Section For a more complete understanding, the discretized force internal force distributions will
be provided in this Appendix. It will be shown the resultants of these internal forces due to non-uniform
stress distributions over the pad will indeed have a resultant couple. We will however present them as nodal
internal force distributions, as the high stiffness of the backing of the pads makes stress distribution very
inhomogeneous and therefore visually hard to read. Note that the forces will be shown color-coded over the
adhesive pad area, but are in reality nodal forces of a discrete nature.

The nodal force distributions discussed will show the propagation of failure during increased imposed displace-
ment increasing from (1) up. The deformation of the pad is visually magnified for clarity, and the damage of
the adhesive surface is shown on the initial surface. The left figures show color-coded the internal forces in
the Y-direction (axes provided on the figure for reference) and the right figure shows color-coded the internal
forces in the X-direction, the pulling direction. For the convenience of the reader, the resultant forces from
these distributions (equivalent to the stress state) are schematically drawn on the figures as red arrows. The
couples resulting from these forces are also indicated on the figures. For a description of the failure sequences

related to this pad, the reader is referred to Section [5.1

Consider Figure 59| showing the internal forces for the curling case. We will here draw the resulting couples
associated with the internal stress distributions next to the pad. We will subsequently in Figure [60] and Figure
[6T] for readability draw them inside the pad, despite the couple being the resultant of the also drawn resultant
forces of the internal forces. On Figure during the initial loading of the pad (I), the boundary conditions
prescribe the pulling of a stiff backing from one side on a soft adhesive, that has an even softer surface
adhesion. This causes a vertical force on the opposite end of the pad and a difference in horizontal force
between the top and bottom of the pad, both resulting in a couple in the same direction. During the continued
pulling and curling movement of the pad in Figure 59 (1) this continues. During phase (lIl) when the curling
continues, it is seen that the horizontal forces now also appear in the detached bottom of the pad, as this is
now allowed to deform. The couple resulting from the horizontal forces decreases. The upwards vertical force
spreads over a larger part of the pad. Finally, this movement is continued in (IV) and the horizontal forces
are on the soft part of the adhesive, with almost no forces in the backing. This creates an opposite couple
that now cancels out the moment from the vertical forces: an equilibrium amount of rotation of the pad is

almost reached.
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Consider Figure for the curling plus interfacial cavitation failure mode. In step (I) the vertical forces are
located at pulling end and the opposite end, creating a couple on the full pad. The horizontal forces are
located near the pulling end and in the backing, creating a couple at the beginning of the pad. In Figure (ll),
both types of movement continue during the development of the curling detachment. In Figure (lII), after
the interfacial cavity has failed, a vertical downward force is noticed at the region where the pad failed and
an additional vertical upwards force right around the detachment front. This difference in vertical forces can
be related to the horizontal force where the horizontal force is spread mostly over the detached region near
the surface. Both force distributions cause an additional set of couples. Finally, in Figure (1V), the horizontal
forces are distributed all over the pad and the vertical forces near the detachment front are diminishing.

Consider now Figure[6]] for the interfacial cavitation, combined with steady peeling and curling failure mode.
During phase (1), the only horizontal and vertical forces are located now near the pulling end. In Figure (Il),
the additional vertical forces around the detachment front and the concentration of horizontal forces at the
detached surface are apparent. The propagation of this region continues in Figure (I11). In figure (IV), an
additionally formed couple under the influence of vertical forces released by the stress relaxation behind the
detachment front is seen, as the detached region becomes longer. In Figure (V), this region propagates away
from the first couple as a reattachment is observed, under the influence of this region (the blue zones). This
reattachment location now also has an influence on the vertical force distributions, as an additional couple is

observed there as well.
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C.5 Parameter Sensitivity of Simulation

Each parameter variation is done by increasing and decreasing the design parameter from the reference case
detailed in table [l

C.5.1 Influence of Backing Stiffness 3

Increase of the parameter 8 = E}gib the amount of energy contained in the backing versus the amount of
energy in the soft adhesive, results in the distribution of the imposed forces over a larger part of the backing.
As a result, as shown in Figure[62) as higher beta creates larger normal and tangential openings in the opposite

end of the pad, making the steady peeling phase faster and the region of curling larger.

B =0.32
0.970 __0/0c 970 _20n/0c 970 D
1
6 2
At 465 0.485 0.485
3 1
1
0 0 0
0.000 0.000 0.000
0 x/L 1 0 x/L 1 0

0.530

0 x/L 1

Figure 62: Detachment analysis of the surface of two pads with as only different parameter 3. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.

The faster peeling wave for a higher  is also linked to a global faster failure of elements (Figure right)
and a higher force during this failure (Figure left). As the forces spread out over a longer part of the pad,
once the failure wave onsets, it can propagate faster. However, for its initial development, a larger force will

be required.
100 ]
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Figure 63: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter 8. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed. The large drop and re-increase in the force curves is a mesh effect as shown
before in Appendix@ the curve would continue smoothly there.
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C.5.2 Influence of Backing Thickness o

The influence of parameter a = %” on the global force as shown in Figure @ is small compared to the
influence of 8 has, as shown in the previous section. The force graph keeps the same shape and forces
increase marginally as « increases. For the global failure graph, 4 of the 5 cases almost coincide, the fifth
case with the highest « value shows relatively less reattachment. Recall that by varying «, but no other
parameters, the total amount of elastic energy in the pad is kept constant, but only the backing thickness is
varied. It is not surprising this has relatively less impact than varying the parameter 8 which does affect the
amount of the elastic energy. The increase in force with increasing backing thickness is the result of more

material that the stresses can be distributed over in the backing.

100

a=0.04
— a=0.1
— a=02
— a=04
— a=1.0

% broken
cohesive zone
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Figure 64: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter a. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed.

On Figure the influence of o on the opening and damage development profile is shown. The damage
graph development of the larger o value, a thicker backing, shows multiple larger slow failure events, while
the damage graph for a smaller a value shows smaller fast failure events. This is the result of the different
distributions of forces over a higher backing thickness and the resulting higher moments acting on the soft
adhesive. The abrupt events then result in more reattachment waves, which result in the different global
failure curve observed in Figure [64] (right).
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Figure 65: Detachment analysis of the surface of two pads with as only different parameter «. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.
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C.5.3 Influence of Pad Length L/t

All the force-displacement curves (Figure coincide on the same generic curve until right before their failure.
They appear to follow the same initiation and peeling pattern, and only differ once curling of the opposite
end is reached. To observe this on the percentual failure graph (Figure right), remark that the percentage
of failure is expressed in terms of the length of the pad: the curves coincide here as well.
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Figure 66: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter L/t. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed.

This is supported by the opening profiles on Figure 67| where for the case of a low L/¢ immediately curling
is observed, while for the high L/t value steady peeling occurs, with curling at the opposite end right before

full failure.
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Figure 67: Detachment analysis of the surface of two pads with as only different parameter L/t. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.
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C.5.4 Influence of Bond Stiffness ~y

To vary ~, there are multiple possibilities of parameters to vary. Recall that v = kt/FE = (;’O%. As t is used
as the length normalization unit and E' is used as the energetic normalization unit, they are kept constant.
Secondly, o is found as well in parameter . Thus to vary 7 as the only parameter, dy, and by extension & is
varied. The global behavior is observed to be not changed in Figure [68] When looking at the linear elastic
behavior in Figure [68] left for small displacements, a difference is observed: the initial elastic slope is affected,
which results from a change in the linear elastic slope of the cohesive law k. Despite this, at the onset of

failure, this difference disappears and different curves coincide.
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Figure 68: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter . The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed.

The opening profiles on Figure [69] also show little difference, apart from abrupter failure for lower values of
~. As a lower v means a higher §p and thus a longer elastic phase and shorter softening phase, this seems to

be related to the abrupter development of softening.
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Figure 69: Detachment analysis of the surface of two pads with as only different parameter . The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.
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C.5.5 Influence of Mixed-mode Energy Ratio

In all earlier simulations of this section, kK = % was 1. Thus the change of cohesive zone properties applied
both to mode | and mode Il cohesive laws. To change k, either one of them could be kept constant. For
completeness, both will be done here. First, x will be varied by varying the mode | law and keeping the mode
Il constant. In the force-displacement graphs and global failure on Figure [/0] no difference can be observed.
The large drops and re-increases of force at the end of the graph are a mesh effect as shown before in Appendix

[C2t the curve would continue smoothly there and this is not a stick-slip event.
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Figure 70: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter , while keeping G 1 constant. The force is the total pulling force in the X-direction that needs to be exerted upon the
pulling end of the backing to pull this end the amount of displacement imposed.

The opening profiles on Figure [71] left and middle show no difference in shape but an expected difference in
values for the opening: in case of a higher k, i.e., a lower G, the total energy in the mixed modes is lower
and thus both the tangential and normal opening are larger for the same force. The damage profile on Figure
right corresponds in location, but is more grouped for lower . This can be explained again by a higher

total cohesive energy.
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Figure 71: Detachment analysis of the surface of two pads with as only different parameter «, while keeping G, ;; constant.
The amount of displacement is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures.
The left graphs show the opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal
direction, and the right graphs the damage of the surface.
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Next, x is varied by keeping the mode | cohesive law constant and varying the mode two law. In this case,

a higher « results in a higher force (Figure left) as it is linked to a higher mode Il energy. Based on this,

mode Il cohesive energy is determinant for the global force. Secondly, a higher & results in less reattachment
(Figure |72 right and Figure [73]| right).
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Figure 72: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter x, while keeping G ; constant. The force is the total pulling force in the X-direction that needs to be exerted upon the
pulling end of the backing to pull this end the amount of displacement imposed.

In the opening profiles, a higher  results in the further propagation of the tangential opening, and similarly

for more curling: the forces spread out further in the pad. From this, the influence of the mode Il cohesive

energy is the more important one for the simulation relative to mode I.
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Figure 73: Detachment analysis of the surface of two pads with as only different parameter «, while keeping G ;1 constant.
The amount of displacement is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures.
The left graphs show the opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal
direction, and the right graphs the damage of the surface.
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C.5.6 Influence of Velocity v’

While v’ is a numerical necessity to introduce rather than a physical parameter, its sensitivity reveals where the
potential shortcomings of the current simulation are. The forces increase with increasing v and the amount of
reattachment increases as well (Figure . The amount of force is highly dependant on this value and thus
likely quantitatively not corresponding to experiments. Meanwhile, for a correct estimate of the amount of
reattachment, a low value of v’ is important. Moreover, the exact speed of development of these reattachment

areas is uncertain.
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Figure 74: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter v’. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing to
pull this end the amount of displacement imposed.

The opening and reattachment profiles (Figure show that lower v’ values favor curling. Again, a low
enough value of v’ is important to ensure forces in the dynamic simulation have the time to redistribute as

they would in a fully static equilibrium.
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Figure 75: Detachment analysis of the surface of two pads with as only different parameter v/. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right
graphs the damage of the surface.
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C.5.7 Influence of Damping Tqqmyp

Similar to v/, Tygmp is a numerical necessity. The effects of increasing damping, (Figure correspond to a
large degree to the effects of increasing the speed. As damping is increased, forces increases and reattachment

decreases. This provides another pointer to conclude that the reattachment is linked to dynamic waves.

100

Tasmp = 5.657x10°

—— Taomp = 2.263 x10°

0.4{ — Tam = 1.131x10°
—— Taamp = 0.566x10%

% broken
cohesive zone

Tasmp = 5.657 x10°
—— Taomp = 2.263 x10°
—— Tasmp = 1.131 x10°
—— Taamp = 0.566x10°

F
Etd
0.2
0.0
0.0 04 08

A

0.8

A

Figure 76: Force-displacement (left) and percentage of failure-displacement (right) graphs for pads with as only different param-
eter Tyumyp. The force is the total pulling force in the X-direction that needs to be exerted upon the pulling end of the backing
to pull this end the amount of displacement imposed.

The opening profiles in Figure provide again show similarities between increasing Tgq.mp and increasing
velocity: both disfavor curling. The propagation of forces to the opposite end is thus at least partially dynamic.
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Figure 77: Detachment analysis of the surface of two pads with as only different parameter T4y,p. The amount of displacement
is advanced over the y-axis and the pad length is advanced over the x-axis on each of the Figures. The left graphs show the
opening of the adhesive surface in the tangential direction, the middle graphs the opening in the normal direction, and the right

graphs the damage of the surface.
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C.6 Three-dimensional Simulation

As discussed in Section numerical limitations have prevented the use of a full 3D model for this study.
Nevertheless, a 3D model was developed and tested. The same properties as for the simulation showing
interfacial cavitation in Section [b.1.1] were used, with additionally a depth parameter of d = 16mm = 2 - t.
In the linear region, this provides correspondence with the two-dimensional simulation. Moreover, the start

of the development of the interfacial cavity can be studied in detail and matches experimental behavior.
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Figure 78: State of the 3D simulation of the pad with properties (8, o, L/t, d/t, 0, ¢, v, k) =(8, 2, 8, 2, 0.5x1073, 8x1073,
0.64, 0.4) . The top graph shows the deformation state and the bottom graph the damage of the surface.

In Figure top, the state of the pad at maximal displacement that could be computationally achieved
(A = 0.12) is shown. The top figure shows the deformation of the pad visually, with the deformation
in the Y-direction also colored. In the bottom figure, the cohesive surface damage is shown. Especially
the cohesive damage profile is interesting, as when comparing it to the experimental detachment profile in
Figurem (I.b), the same initiation of failure on both sides of the pad close to the pulling end is retrieved.
Further, the displacement profile in this three-dimensional simulation corresponds to the one retrieved in the

two-dimensional simulation.
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