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Effect of Partition on the
Mechanical Behaviors of Soft
Adhesive Layers
A soft adhesive layer bonded between two rigid substrates, which are being pulled apart,
may exhibit diverse instability phenomena before failure, such as cavitation, fingering,
and fringe instability. In this study, by subdividing the soft layers into different numbers
of disconnected smaller parts, we achieve desired instability modes and mechanical
responses of the layer. The partition process not only retains the monotonicity on the
tensile curve but also tunes the modulus and stretchability of the adhesive layer. Meanwhile,
cavitation in layers of large aspect ratios is suppressed, and the hysteresis during cyclic
loading is reduced. This study provides a guideline for the structural design of soft joints
and adhesive layers. [DOI: 10.1115/1.4042764]
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1 Introduction

Soft adhesive layers, which could also be found in living systems
[1,2], are widely used in engineering applications such as sealants,
mechanical insulators, and soft robotics [3–5]. When a soft adhesive
layer bonded between two rigid substrates is subjected to through
thickness tension, various instabilities such as cavitation, fingering,
and fringe can occur depending on the geometric constraints by the
substrates and the material properties of the layer [6–14]. These
instabilities can significantly affect the mechanical responses of
the adhesive layer [3]. Moreover, they can lead to damages in the
form of interfacial fracture or cohesive failure in the adhesive
layer [13].
If the interface between the soft adhesive and the rigid substrate is

weak, the adhesive layer may partially debond from the rigid sub-
strate, and the delaminated interface undulates regularly due to inter-
facial instability [15–17]. Animangsu and Chaudhury [18] observed

instabilities in the form of fingers and bubbles along the interface
between a thin confined film and its covering plate and pointed out
that the characteristic length of the interfacial instabilities depend
only on the film thickness. Webber et al. [19] found that the lateral
constraint has a huge impact on the interfacial instability of the con-
fined soft layer under tension. When the resistance to interfacial
cracks is high enough, delamination arrests but bulk instabilities
arise. For an adhesive layer with larger elastic modulus and lateral
constraint, cavitation is preferred over other instability modes [20].
By treating cavitation as an elastic instability problem, Dollhofer
et al. [21] pointed out that for neo-Hookean material, surface
energy may have a large effect on the nucleation and the growth of
a cavity. According to theGent and Lindley’s [22] theoretical predic-
tion, a pre-existing cavity under remote hydrostatic tension would
expand monotonically as the load increases and explode when the
hydrostatic tension reaches 5E/6, with E being the elastic modulus.
Dollhofer et al. [21] and Chiche et al. [23] took into account the

Fig. 1 Procedure for specimen preparation. (a) Transparent acrylic molds, acrylic plates, and VHB membranes
are cut into specific sizes. (b) The components are assembled into a mold with a cylindrical space, which is later
filled with a PAAm hydrogel precursor. (c) The hydrogel precursor is cured under UV light for 1 h. (d ) Schematic
and (e) photograph of the final specimen. (f ) ABS sheets as dividers with certain size and quantity is placed
between two acrylic substrates, and then the hydrogel precursor is poured into the space. (The outside acrylic
molds are not shown for clarity.) (g) After curing the hydrogel, the partition dividers are pulled out carefully. In
this case, the number of partitions is four, and the length of partition divider is two-third of the radius.
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additional stress field induced by surface tension and concluded
that for an adhesive layer of a large relative surface tension (γ/ER0,
where γ is the surface energy of the material and R0 is the size of
the initial defect/cavity), there exists a peak stress at which the
cavity becomes elastically unstable [24,25] before the final failure.
By realizing that a cavity may grow inelastically before reaching
the elastic instability limit, Pourmodheji et al. [26] analyzed the
driving force and the resistance of the inelastic cavity growth and
found a characteristic length. When the cavity size is smaller than
the characteristic length, the critical stress is size independent, and
the cavity grows inelastically by omnidirectional expansion at a
constant hydrostatic stress until the characteristic length is reached.
After that, it grows by cracking along a plane.
For an adhesive layer with a smaller elastic modulus and lateral

constraint, fingering instability may precede cavitation. Shull et al.
[27] observed reversible bulk fingering instability in purely elastic
materials subjected to cyclical tensile loadings. Biggins et al. [28]
put forward a simple zero-dimensional model to explain how bulk
fingers could reduce the total shear energy and predicted the wave-
length and threshold of the fingering instability. Saintyves et al.
[29] demonstrated elastic fingering in a bulk polyacrylamide
(PAAm) gel confined in a Hele-Shaw cell. Recently, Lin et al. [12]
calculated the critical stretch and stress for the onsets of fingering
and fringe instabilities by adopting a perturbation method. They pro-
vided a phase diagram of different instabilities.
Although substantial investigations have been carried out on the

instabilities in the confined soft adhesive layer subjected to uniaxial
tension, few of themhave considered to alter the instabilitymodes, as
well as themechanical responses of adhesive layers. In this paper, we
propose a method to tune the instability and the corresponding
mechanical responses of a soft adhesive layer by partitioning the
adhesive layer. By using this method, one can convert the stress–
stretch curve of the soft adhesive layer from a nonmonotonous rela-
tionship to a monotonous one and eliminate the snap-through phe-
nomenon, which is important for the reliability of the adhesive
layer under force-controlled loading. Furthermore, a partitioned
adhesive layer may undergo larger deformation before failure, and
consequently, the stretchability may be tuned. Moreover, the area
of the hysteresis loop decreases after partitioning, indicating less
energy dissipation.
This paper consists of the following parts. Section 2 describes the

details of the experimental setup and the numerical simulation.
Section 3 presents the experimental and numerical results. Section 4
provides the discussions, followed by the conclusions in Sec. 5.

2 Experiment and Numerical Simulation
2.1 Specimen Preparation. In each test, the PAAm hydrogel

layer, used as the soft adhesive layer, is confined between two
rigid circular acrylic plates. The specimens are prepared by
casting, and the detailed procedure is shown in Figs. 1(a)–1(e).
First, two circular acrylic plates with diameter 30 mm (or 50 mm)
and thickness 4 mm are placed in a mold, and the surface of the
acrylic plate is covered by a VHB 4905 (3 M) tape to enhance the
bonding between the hydrogel adhesive layer and the acrylic
plates. Considering that the thickness of VHB 4905 layer (0.5 mm)
is about one-fifth of that of the hydrogel layer (2.6 mm) and the
shear modulus of VHB 4905 (54 kPa) [30] is one order of magnitude
higher than that of the hydrogel (3.6 kPa) used in this paper,
we neglect the effect of the VHB 4905 layer on the deformation of
the hydrogel layer. Second, a PAAm hydrogel precursor is poured
into the mold, filling the space between the acrylic plates. Finally,
the mold with hydrogel precursor is exposed to UV light (Ultraviolet
Crosslinker, CL-1000,USA) for 1 h to cure the hydrogel. The PAAm
hydrogel precursor is a mixture of 10 ml 13 wt. % acrylamide
(Aladdin A108465), 0.1 ml 1.09 wt. % N,N-methylenebisacryla-
mide (Aladdin M104027) as a crosslinker, 0.1 ml 10.9 wt. %
ammonium persulphate (Aladdin A112448) as an initiator, and
1 μl N,N,N′,N′-tetramethylethylenediamine (Aladdin T105498) as
an accelerator. The thickness of the soft adhesive layer (H ) is set at

2.6 mm and the diameter (a) is taken to be 30 mm and 50 mm,
with aspect ratios (α= a/H ) of about 12 and 20, respectively.
To partition the adhesive layer, we use acrylonitrile butadiene

styrene (ABS) sheets with thickness of 0.2 mm to divide the
space between the rigid substrates, as shown in Fig. 1( f ). We
should point out that the VHB membrane is sticky, so we stick
the ABS dividers on the surface of VHB membrane first, and the
following process is the same as the process without dividers.
The adhesion between ABS dividers and VHB membrane is
strong enough to fix the dividers. The ABS sheets are used directly
without any special treatment, and the interface between ABS
sheets and cured hydrogel is weak. Therefore, pulling out the
sheets will not cause obvious damage of the surrounding hydrogel.
After curing the hydrogel, we pull the ABS sheets out, and the final
specimen is shown in Fig. 1(g). The adhesive layers are partitioned
in this way with different numbers and sizes. For example, for the
adhesive layer shown in Fig. 1(g), the number of partitions is four
and the length of each partition divider is two-third of the radius.

2.2 Specimen Tensile Testing. The as-prepared specimens are
stretched on a universal material testing machine (Instron 5944,
USA). The bottom acrylic substrate of each specimen is fixed,
whereas the top acrylic substrate is pulled upward at a constant
speed of 10 mm/min. We recorded the grip displacement and the
reaction force during the experiment. We recorded in situ the insta-
bility evolution of the hydrogel adhesive layer from the bottom
view of the specimen by using a CCD camera (Nikon D7200,
Japan). To do that conveniently, we placed a mirror under the speci-
men at 45 deg from the vertical direction.

2.3 Numerical Simulation. We use ABAQUS/Explicit to
carry out the numerical simulation on the mechanical response and
instability behaviors of the soft adhesive layer under tensile
loading. We choose a neo-Hookean constitutive model to describe
the hyperelastic behavior of the material, and the shear modulus in
the model is obtained by fitting the uniaxial tension data. The bulk
modulus is set as 2000 times of the shear modulus to capture the
incompressibility of the material. A 3D continuum element with
reduced integration, C3D8R, is adopted, and the mesh size is
bounded above by one-tenth of the hydrogel layer thickness to
ensure accuracy. The geometric dimensions, boundary conditions,
loading condition, and the number and size of partitions are the
same as that in the experiments. Perfect bonding is assumed on all
interfaces. Symmetry of the structure is used to reduce computation.

3 Results
Figure 2(a) shows the nominal stress–stretch curves of the soft

adhesive layers (aspect ratio α= 12) under various numbers of par-
titions. The stretch is defined as the deformed thickness divided by
the initial thickness. The nominal stress is defined as the tensile
force divided by the initial cross-sectional area. The circles corre-
spond to the experimental results, and the solid curves correspond
to the simulation. Two sets of data agree well with each other.
Figure 2(b) shows the fracture stretches and the facture works
(area encircled by stress–stretch curve × adhesive layer’s original
thickness) of the soft adhesive layers under various numbers of par-
titions. Figure 2(c) shows the photographs taken from the bottom
view of the adhesive layers at different stretches, corresponding
to the curves in Fig. 2(a). The instabilities of the hydrogel adhesive
layers can be easily recognized from these photographs. Figure 2(d )
illustrates the instability morphologies obtained by the simulation,
which agree well with the experimental photographs. The stress–
stretch curve of the nonpartitioned adhesive layer shows an
obvious peak. Image A1 describes the deformation of adhesive
layer at stretch λ= 1.2 when no instability occurs. The adhesive
layer is further extended to a stretch about λ= 1.4 (as shown in
image A2) and several fingers appear suddenly, corresponding to
the stress peak. Under further pulling, fingers gradually propagate
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into the center of the layer, as shown in image A3. When the adhe-
sive layer is stretched to λ= 2.5, the fingers are stabilized, and the
stress–stretch curve resumes an elasticity-dominated rising
tendency.
For the adhesive layer divided into two parts (images B0–B4), a

stress peak appears at stretch λ= 1.5. Compared with the stress–
stretch curve of the nonpartitioned adhesive layer, the peak stress
drops from 32 kPa to 15 kPa, and the critical stretch at which the
layer buckles elevates from 1.4 to 1.5. When the adhesive layer is
partitioned into four parts (images C0–C4), fingers propagate into
the layer, but no stress peak appears on the stress–stretch curve.
A stress plateau can be found from stretch λ= 1.7 to stretch λ=
2.0, followed by an increasing stress again. We further increase
the numbers of partitions to eight (images D0–D4), and the exper-
iment gives a monotonically increasing stress–stretch curve. Evi-
dently, the instability morphologies and mechanical responses can
be adjusted by partitioning the adhesive layers. The overall stiffness
decreases with the increasing of numbers of partitions, not only
because of the reduction in cross-sectional area but also because
of the less effective lateral constraints on smaller partitions.

Moreover, the first peak on the stress–stretch curve decreases
with the numbers of partitions and vanishes on samples with four
or more partitions. It is believed that the gaps between neighboring
partitions serve as the nuclei of the fingering instability, which
lowers the initiation stress. It is also found that the structure
becomes more stretchable when partitioned. The fracture stretch
increases significantly when the soft adhesive layer is partitioned
into two parts, but further increase in the numbers of partitions
only increases the fracture stretch slightly. The fracture work
doubles when the layer is divided into two parts and decreases
slightly with the further increasing of partition number. Here, for
the adhesive layer divided into several parts, each part fractures at
different stretch, and the stretch where the first fracture happens is
defined as the fracture stretch.
Experiments are also carried out to study the effect of partition

number on the mechanical behavior of an adhesive layer with
higher aspect ratio (α= 20), and similar conclusions can be
drawn. For a nonpartitioned adhesive layer, both cavitation and fin-
gering instabilities may be observed, and they appear at a random
sequence. The red curve (with circle symbols) in Figs. 3(a) and

Fig. 2 Mechanical responses of soft adhesive layers (aspect ratio α=12) with various numbers of partitions. (a) Nominal stress–
stretch curves of the adhesive layers. The circles are obtained from experiments, and the solid curves from simulations. (b) Frac-
ture stretches and fracture works of the adhesive layers with various numbers of partitions. (c) Photographs taken from the
bottom of the adhesive layers corresponding to the indicated stretches in (a). (d ) Simulated instability morphologies at various
numbers of partitions.
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3(b) shows the cases where finger occurs prior to cavitation, and
the blue curve (with triangle symbols) in Figs. 3(a) and 3(c) shows
the cases of the opposite sequence. As shown in Fig. 3(b), when
the adhesive layer is stretched to about λ= 1.6, the layer suffers fin-
gering instability first. Under further stretch, a cavity emerges sud-
denly, accompanied by a small drop in stress, corresponding to
images a2 and a3. Then the cavitation and fingers coexist until the
entire layer fractures (image a5). In another case, as shown in
Fig. 3(c), cavitation arises before the fingering instability. Different
from the sudden appearance of cavity in Fig. 3(b), the cavity grows
gradually when the adhesive layer is further loaded. Even though
the experimental conditions are the same, different instability behav-
iors are observed. This phenomenon will be discussed further in Sec.
4. For an adhesive layerwith a relatively large aspect ratio, both types
of instabilities appear during the deformation. By partitioning the
adhesive layer into smaller parts, which relax lateral constraints,
the cavitation instability can be suppressed, and the mechanical
responses of a partitioned adhesive layer are similar to the ones
with smaller aspect ratios.
Cyclic loading is common when the adhesive layers are used for

adhesion or as soft joints. Here, we study the effect of partition
number on the mechanical responses to cyclic loading and present
the results in Fig. 4. The adhesive layers (aspect ratio α= 12) are

loaded to a given stretch, followed by a complete unloading to the
original thickness, and such a process is repeated for 10 times on
each sample. For all adhesive layers, with or without partitioning,
the first loading curve is always higher than the following ones
due to the Mullins effect [31]. The second loading curve appears to
be softer than the first one, as some polymer chains suffer irreversible
damage. If the maximum strains in subsequent cycles do not exceed
the first one, no new damage is made, and the curves change only
slightly from the second to the tenth cycle. When the number of par-
titions increases, the area of the hysteresis loop decreases gradually.
(The areas of the hysteresis loops are 2.38 KJ/m3, 1.40 KJ/m3,
1.28 KJ/m3 and 1.25 KJ/m3.) Increasing the number of partitions of
the soft adhesive layers reduces the lateral confinement and hence
decreases the area of the hysteresis loop.
Besides changing the number of partitions, another method of

adjusting the mechanical responses of an adhesive layer is to
change the length of the partition divider. As shown in Fig. 5, with
the number of the partitions fixed as four and the radius of the
layer as 15 mm, we change the divider length from 5 mm, 10 mm
to 15 mm. When the length of divider increases, the stress–stretch
curve changes from nonmonotonic to a monotonic one, the stress
at the same stretch decreases significantly, and the layer becomes
more stretchable compared to the original one, similar to the

Fig. 3 Coexistence of fingering instabilities and cavitation in adhesive layers of aspect ratio (α=20), without par-
titioning. (a) Nominal stress–stretch curve in the casewhen fingering appears before cavitation (the red curve with
circle symbols). Fingers appear at point a1, and a cavity appears later at point a2. Nominal stress–stretch curve in
the case when cavitation appears before fingering (the blue line with triangle symbols). A visible cavity can be
spotted at point b1. On further stretching, the cavity grows gradually and fingers emerge around point b2 or
b3. (b) and (c) Photographs taken from the bottom of the adhesive layers corresponding to the indicated
points on the nominal stress–stretch curves. (see color figure online)
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changes in response to the increase in number of partitions as shown
in Fig. 2. According to Fig. 5(b), it is obvious that for adhesive layers
withLP (length of partition divider)= 5 mmorLP= 10 mm, the frac-
ture stretches, and the fractureworks are larger than those of adhesive
layers with LP= 15 mm. It seems that there is an optimal length of
partition divider, which corresponds to the maximal fracture stretch
or the maximal fracture work, the optimal solution of length of parti-
tion is out of the scope of this paper.

4 Discussion
The slight reduction in the cross-sectional area aside, the main

reason for the softening of the adhesive layer by partitioning is the
reduction in lateral constraints. For an adhesive layer of the same
thickness, a smaller partition has a smaller aspect ratio, and the defor-
mation is closer to that in unconstrained uniaxial tension [20].
Let λc denote the critical stretch at which fingering instability

appears within the adhesive layer without partition and Sc denote
the nominal stress at stretch λc. From experiments, the Sc1 for adhe-
sive layer (α= 12) without partitioning is 32 kPa, while the Sc8 for
adhesive layer (α= 12) partitioned into eight parts is 6 kPa, indicat-
ing that partitioning plays an important role on softening the adhe-
sive layer.
As mentioned earlier, the appearance order of cavitation and fin-

gering instability is uncertain for an adhesive layer with the large

Fig. 4 Nominal stress–stretch curves of adhesive layers (α=12)
under cyclic tests with various numbers of partitions. The first
loading curve is always higher than the following loading
curves due to the Mullins effect, and hysteresis loops exist
between the loading and the unloading curves. As the number
of partitions increases, the area of the hysteresis loop
decreases.

Fig. 5 Mechanical responses of soft adhesive layers (α=12) with partition dividers of various lengths.
(a) Nominal stress–stretch curves of the adhesive layers. The circles are obtained from experiments, and the
solid curves from simulations. (b) Fracture stretches and fracture works of the adhesive layers with partition di-
viders of various lengths. (c) Photographs taken from the bottom of the adhesive layers corresponding to the
indicated stretches in (a). (d ) Simulated instability morphologies for the cases with dividers of various lengths.
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aspect ratio. We attribute this phenomenon to the existence of
random defects in the adhesive layers. Following Lin et al. [12],
the dimensionless critical stresses (normalized by the initial shear
modulus) for the fingering instability and cavitation (elastic instabil-
ity limit of cavity) are plotted in Fig. 6, as functions of the aspect
ratio of a cylindrical soft layer, at two initial cavity diameters.
When the initial diameter of the cavity R0 is relatively large, or
the dimensionless capillary number β= γ/(μR0) is small, the
cavity instability takes place under a low stress level and shows neg-
ligible dependence on the lateral constraint. Here, μ is the shear
modulus. While for the initial defects with a small diameter (or a
large β), larger nominal stress is needed. In our experiment, the
initial size of the defects in the hydrogel adhesive layer is randomly
distributed for different specimen, resulting in random β. For rela-
tively large defects, the critical nominal stress is lower than the
stress needed for fingering instability. Accordingly, cavitation insta-
bility arises before fingering instability. On the other hand, for small
defects, the critical cavitation stress can be larger than that for the
fingering instability, and hence, fingers may appear first.
We should point out that the peak stress for cavitation in the

above model is an elastic instability limit for neo-Hookean material
with an initial cavity of micron size [21]. Furthermore, the surface
energy constant in the model is assumed to be deformation indepen-
dent. Conversely, because of the inverse dependence of the peak
stress on the cavity size, a material with very small cavities may
experience material failure at a smaller stress level than the elastic
instability limit.
For various applications, different properties of the adhesive

layers are required. When the adhesive layer is used as a superglue,
high adhesion strength is required while the stretchability is not
essential, so that a nonpartitioned layer is preferred. When the adhe-
sive layer severs the purpose of a soft joint, cavitation should be
avoided because the cavity expands and leads to the failure of the
adhesive layer at a relatively small stretch [32]. Partitioning the
soft adhesive layer can suppress cavitation instability by reducing
the hydrostatic stress in the bulk. In other applications, such as
tissue stitching, a softer adhesive layer is preferred to provide a
larger displacement. As Li et al. [33] mentioned in their work,
both strong interface adhesion and large deformability are essential
when connecting tissues and deformable devices. By partitioning
the adhesive layer with certain numbers or length of partition divid-
ers, the lateral confinement reduces and fracture stretch increases,

and hence, the layer can accommodate larger deformation. In this
work, the effect of material properties on instabilities and mechan-
ical responses adjustment of the soft adhesive layers is not involved.
Recently, Lin et al. [34] pointed out that the material-stiffening
could suppress fingering and fringe instabilities and alter mechani-
cal responses. By combining the present method with suitable mate-
rials, one can achieve extensive adjustments on the mechanical
responses of the adhesive layers.

5 Conclusions
We have demonstrated a method to adjust the mechanical

responses of confined soft adhesive layers under tensile loading:
partitioning the layers with different numbers and/or lengths of par-
tition dividers. Through this approach, the following results can be
achieved. First, the compliance and stretchability of the layer
increase and the cavitation instability may be suppressed. Second,
the stress–stretch curve can be adjusted from a nonmonotonic one
to a monotonic one, so that the snap-through phenomenon can be
avoided in force-controlled scenarios. Third, partitioning the layer
decreases the area of the hysteresis loop under cyclic loading.
The present method may provide guidelines for the design of soft
adhesive layers for various applications.
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