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ABSTRACT: Spatially controlled layouts of elasticity can provide
enhanced adhesion over homogeneous systems. Emerging techniques
in kirigami, where designed cuts in materials impart highly tunable
stiffness and geometry, offer an intriguing approach to create well-
defined layouts of prescribed elastic regions. Here, we show that
kirigami-inspired structures at interfaces provide a new mechanism to
spatially control and enhance adhesion strength while providing
directional characteristics for smart interfaces. We use kirigami-
inspired cuts to define stiff and compliant regions, where above a
critical, material-defined length scale, bending rigidity and contact
width can be tuned to enhance adhesive force capacity by a factor of
∼100 across a spatially patterned adhesive sheet. The directional
nature of these designs also imparts anisotropic responses, where
peeling in different directions results in anisotropic adhesion ratios of
∼10. Experimental results are well-supported by theoretical predictions in which the bending rigidity and contact width of
kirigami-inspired structures and interconnects control the adhesive capacity. These new interfacial structures and design criteria
provide diverse routes for advanced adhesive functionality, including spatially controlled systems, wearable kirigami-inspired
electronics, and anisotropic kirigami-inspired bandages that enable strong adhesive capacity while maintaining easy release.
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■ INTRODUCTION
The art of paper cutting, often known as kirigami and jian̆zhi,̆
can be applied to engineer materials with unique functional
properties such as elastic softening, high extensibility, and the
creation of complex 3D morphologies, through designed
cuts.1−5 This approach has been implemented to enhance the
functionality of diverse material sets, leading to a spectrum of
smart electronics and sensors.6−12 Although there have been
many reports on the mechanical behavior of kirigami structures
and their potential functional applications, the influence of
incisions or the complete removal of film materials at interfaces
has not been well-explored. With the ability to tune mechanics
and structure through cuts, kirigami-inspired designs offer a
great potential to control adhesion and wetting through the
precise control of interfacial properties.
Controlled and tunable adhesion is critical to a number of

applications including biomedical systems, robotics, and
manufacturing.13−21 Conventionally, pressure-sensitive adhe-
sives have been used to achieve high adhesive strength across
an interface.22 Although significant enhancement in adhesion
can be attained through viscoelasticity,23 these types of
adhesives often display low reversibility, can leave behind
undesirable residues through cohesive failure, and are
particularly susceptible to degradation by particulate contam-
ination. To overcome these constraints, works on reversible
adhesives have focused on tuning interfacial geometry and
elastic properties of materials. For example, micropillar arrays

and carbon nanotubes with various tip geometries and aspect
ratios have been studied to control the adhesive strength.24−28

Adhesion control in these systems is typically associated with
contact splitting mechanisms, where crack reinitiation, tunable
stress concentrations, and adaptability to surfaces can lead to
enhanced adhesion strength.29−31 Although microstructured
surfaces have been well-demonstrated to control adhesion,
specialized equipment, complex procedures, and additional
fabrication steps are typically required to achieve desirable
performance.
In addition to fibrillar features, reversible adhesives have been

developed by controlling the interfacial structure and stiffness.
Interfacial structures such as directional discontinuities and
wrinkles in elastomeric substrates have demonstrated the ability
to alter crack paths when cracks encounter prescribed
patterns.32−35 Embedding surface microchannels filled with
liquid or air enhance adhesion through dissipative effects when
propagating cracks become trapped at the channels.36,37

Controlling interfacial stiffness by integrating rigid fabrics into
soft elastomers enables adhesives to create intimate contact
over large areas, while maintaining stiffness to minimize strain
energy and achieve high loads.38,39 Patterning interfacial
elasticity can allow for tunable adhesion, where changes in

Received: December 6, 2017
Accepted: January 23, 2018
Published: January 23, 2018

Research Article

www.acsami.orgCite This: ACS Appl. Mater. Interfaces 2018, 10, 6747−6754

© 2018 American Chemical Society 6747 DOI: 10.1021/acsami.7b18594
ACS Appl. Mater. Interfaces 2018, 10, 6747−6754

D
ow

nl
oa

de
d 

vi
a 

IO
W

A
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 1

5,
 2

02
0 

at
 1

7:
28

:4
3 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b18594
http://dx.doi.org/10.1021/acsami.7b18594


interfacial stiffness can allow for control of crack dynamics. This
has been investigated through discrete regions of patterned
stiffness across an interface, where the adhesion force can be
tuned at stiffness transitions.40,41 Although these studies
investigated patterned rigidity, they focused on discrete
patterns without interconnects and film continuity commonly
observed in kirigami designs. All of the above-mentioned
techniques have utilized interfacial structures to improve
adhesive properties. However, systematic layouts of continuous
films patterned by cuts, as seen in recent exploration of kirigami
for engineering design, have been unexplored.
Here, we show that kirigami-inspired structures at interfaces

provide a mechanism to spatially control and enhance adhesion
strength while providing directional characteristics for high-
capacity, easy-release interfaces. Kirigami-inspired adhesives are
created by introducing cuts through rapid laser machining into
continuous adhesive films consisting of elastomeric interfaces
supported by inextensible films. Although cutting films has
been utilized in various art forms, we choose to describe the
presented patterns as kirigami-inspired as we utilize repeating
cut patterns in continuous films with interconnected structures,
which are the characteristics of the kirigami design. We study
the peel adhesion response of these systems by varying the
interconnect structure and interfacial geometry. This approach
introduces spatially varying regions of stiff and compliant
regions which allow for the systematic tuning of bending
rigidity and actual contact width. As cracks propagate through
these regions, a material-defined characteristic length scale is
found to dictate force enhancement, where above a critical
length both bending rigidity and actual contact width can be
tuned in stiff and compliant regions to enhance adhesive force
capacity by a factor of ∼100 across a sheet. The influence of
interconnects on adhesion is further investigated, and as the
number on interconnects increases, the adhesive force
decreases and approaches that of a homogeneous strip as the
bending rigidity contrast between stiff and compliant regions
decreases. Furthermore, we demonstrate the anisotropic
properties of kirigami-inspired adhesives, where peeling along
orthogonal directions results in anisotropic adhesive ratios of
∼10. These experimental results are supported by theoretical
predictions in which the bending rigidity and actual contact
width of kirigami-inspired interconnects and structures are
found to drive the adhesive capacity. This model well describes
the experimental data and provides general design criteria for
diverse kirigami-inspired adhesive structures. These structures
and design criteria open new possibilities for advanced adhesive
functionality, including spatially controlled systems, wearable
electronics, and anisotropic bandages that enable strong
adhesive capacity and easy release, which we demonstrate
with a skin-mounted kirigami-inspired adhesive strip.

■ RESULTS AND DISCUSSION
Three different adhesive designs are created to investigate the
effect of kirigami-inspired structures on peel adhesion (Figure
1a−c). Each design consists of alternating stiff and compliant
regions of equal thickness, which are made of an adhesive layer
and encapsulation layer of polydimethylsiloxane (PDMS) (E =
880 ± 40 kPa) separated by an inextensible polyethylene
terephthalate (PET) strip (E = 2.6 ± 0.1 GPa). In both regions,
PDMS serves as the adhesive layer. Model A consists of
alternating sections of discrete stiff and compliant regions,
where the PET sheet is absent in the compliant region. Model
B introduces stiff interconnects, which bridge across the

compliant regions to connect the stiff regions. Model C is
designed by eliminating the PDMS regions between
interconnects in the compliant regions, creating an open
structure. Initially, there are three interconnects, one at each
edge and another in the center of the strip. The adhesive strips
are examined with 90° peel adhesion measurements, where the
interfacial crack propagates through the alternating compliant/
stiff regions.
Figure 1d shows representative normalized peel force−

displacement curves for each model. Although the geometry of
the stiff region is identical in all three models, the addition of
interconnects (model B) or further removal of PDMS in the
compliant region (model C) influences the peak force. Relative
to model A, the average peak force achieved in model B
decreases by over 15%, whereas the average peak force in
model C increases by over 30%. The structure of the interface is
also observed to alter the crack propagation behavior. In Figure
2b, we plot the relative displacement δrelative of the peel front
versus the absolute displacement δ of the substrate, where
δrelative is the distance between the position of the peel line on
the kirigami-inspired adhesive and a homogenous adhesive (see
Figure S1 for images). Initially, δrelative = 0 for all models;
however, as the peel line reaches the stiff region the crack

Figure 1. (a−c) Schematics of kirigami-inspired adhesives, which
consist of alternating stiff and compliant regions, under 90° peel
loading. (a) Compliant region of model A is continuous, whereas (b)
model B incorporates rigid interconnects on the continuous layer and
(c) model C consists of interconnects supported by an adhesive with
voids between interconnects. (d) A representative normalized peel
force vs displacement plot for each model.
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decelerates, as demonstrated by an increase in δrelative, and gets
trapped at the stiff interface (zone i and ii in Figure 2b). Further
displacement results in sudden interfacial failure, where the
crack is accelerated and δrelative decreases (zone iii in Figure 2b).
Here, we see that model C shows the most significant crack
trapping, as the crack not only approaches a discontinuity in
stiffness but must also reinitiate at the stiff interface.
To quantitatively explain the adhesion enhancement of

kirigami-inspired adhesives, we follow a fracture mechanics
energy balance approach. For a homogeneous adhesive strip
under 90° peel loading, the crack propagates with a steady-state
peel force with Fpeel = wGc, where w is the strip width and Gc is
the critical strain energy release rate for the interfacial
fracture.42 However, for a heterogeneous strip, the peel force
in the compliant region (Fc) and stiff region (Fs) varies as the
crack propagates into the interface between these regions. This
interface modifies the shape of the bent adhesive strip, which
changes the mechanical energy in the system.40,43 The change
in shape depends on the bending rigidity (EI) of the two
regions, where E is the elastic modulus and I is the second
moment of area. Additionally, for the case of kirigami-inspired
adhesives, the actual contact width changes as the crack travels
across the interface from wc to ws. In this framework, the
effective adhesion enhancement ratio of the peel force is
calculated by considering the variation of total energy such that

=
F
F

E I w
E I w

s

c

s s s

c c c (1)

where the subscripts s and c denote the stiff and compliant
terms, respectively. Equation 1 shows that the enhancement
ratio of kirigami-inspired adhesives is controlled by the

difference in bending stiffness EI and actual contact width w
in both regions.
To optimally design kirigami-inspired adhesives, the relative

size and geometry of the stiff and compliant regions need to be
controlled. We consider the heterogeneous kirigami-inspired
adhesive as a repeating array of unit cells with a compliant and a
stiff region (Figure 2a). The stiff region is characterized by
width ws, length ls, and thickness ts, which consists of a PET
sheet tPET and two encapsulating PDMS layers tPDMS. The width
and thickness of the stiff region are constant throughout the
experiment (ws = 46 mm, ts = 0.75 ± 0.1 mm). The length ls =
2, 4, 8, 12, and 20 mm is selected based on the characteristic

length of the stiff region ( = ≈l 6.4 mmE I
wGch,s
2 c c

c
), where the

characteristic length lch is a length scale comparable to the
dimension of the stress field at the peel front.43 If ls is smaller
than lch,s, the peel front propagates from a compliant region to a
stiff region without fully undergoing the crack-arresting effect,
which reduces adhesion enhancement. The compliant region is
characterized by width wc, length lc, and thickness tc in the same
manner. The length and thickness of the compliant region are
constant throughout the experiment (lc = 12 mm, tc = ts), where
lc is greater than the characteristic length of the compliant

region ( = ≈l l 2 mmE I
E Ich,c ch,s

c c

s s
).43 The width wc is constant

for models A and B (=46 mm), whereas wc varies in model C as
wc,modelC = ∑j=1

N wint,j, where N (=3) is the number of
interconnects and wint (=2 mm) is the interconnect width.
Figure 2c illustrates the normalized peak force of the stiff

region for each model as a function of the length of the stiff
region. In general, adhesives with shorter ls (=2, 4 mm) than
lch,s in the stiff region show a reduced enhancement because the

Figure 2. (a) Schematics of a kirigami-inspired adhesive with geometric parameters and different designs. For models A and B, wc = ws, while the
voids between interconnects in model C results in wc,modelC being equal to the sum of the widths of individual interconnects wint such that wc,model C =
∑j=1

N wint,j, where N is the number of interconnects in the compliant region (N = 3 and wint = 2 mm for the data presented in the figure). (b) Plot of
relative displacement (δrelative) of the three adhesive models vs substrate displacement (δ). δrelative is measured with respect to the position of the peel
front of a homogeneous adhesive. Data points below zero in model C are absent because of the void areas when the peel front crosses the compliant
interface. (c) Plot of normalized peak force of each model vs length of the stiff region ls. (d) Bar chart illustrating the adhesion enhancement ratio
(Fs/Fc) as a function of ls.
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peel front travels across the region with partial crack arrest. In
contrast, the peak force is fully enhanced across a stiff interface
for systems with larger ls (=8, 12, 20 mm) than lch,s in the stiff
region, and the value is relatively constant regardless of the
length of the stiff region. Figure 2d shows the adhesion
enhancement ratio (Fs/Fc) obtained by dividing the peak force
in the stiff region by the force in the compliant region. When
model C meets the criterion ls > lch,s, the adhesion enhancement
ratio increases to 60−70, greatly exceeding other models.
Importantly, the significant enhancement in model C is not
only due to the variation in stiffness but also attributed to the
reduced actual contact width in the compliant region. This
influence is important for the design of kirigami-inspired
adhesives, as cut geometries can be generated to tune adhesion
through both heterogeneous stiffness and actual contact width,
expanding design space beyond patterned stiffness alone.

The role of interconnects on adhesion enhancement is
further investigated by varying the number (N) of inter-
connects between 1 and 23 (as illustrated in Figure 3a). The
width of interconnects wint (=2 mm) and the stiff region ws
(=46 mm) are constant throughout the experiments, and the
patterned system is equal to a homogeneous adhesive when N
= 23. The normalized peel force versus displacement plot in
Figure 3b shows that as the number of interconnects increases,
Fpeel/ws systematically decreases. When the adhesive strip
becomes homogeneous (N = 23), the peel force becomes
steady and no longer displays a spatially varying adhesive force.
Figure 3c shows a plot of the normalized peak force with a
varying number of interconnects (Fs,N=i) over that of a sample
with a single interconnect (Fs,N=1) as a function of the number
of interconnects. Here, we see that increasing the number of
stiff interconnects in the compliant region results in reduced
crack-trapping effects and a reduced peak adhesive force. This

Figure 3. (a) Schematic diagram showing a varying number of interconnects in the compliant region. (b) Normalized peel force Fpeel/ws vs
displacement plot for model B with varying number of interconnects. (c) Relative adhesion force of systems with multiple interconnects over a
structure with a single interconnect (Fs,N=i/Fs,N=1) as a function of the number of interconnects. The black dashed line indicates the value of a
homogeneous adhesive. The inset shows the adhesion enhancement ratio Fs/Fc as a function of EsIsws/EcIcwc, where the colors match the legend in
component b.

Figure 4. (a) Schematic diagram of a model C adhesive and a directionally reconfigured adhesive. (b) Fpeel vs displacement plot for a model C and
reconfigured adhesive. (c) Fs and (d) adhesion enhancement ratio (Fs/Fc) for model C and the reconfigured model. ls = 8 mm for components a−d.
(e) Fs vs ls/lch,s, where ls is varied from 2 to 20 mm. (f) Adhesion anisotropy ratio (Fs,C/Fs,R) vs ls/lch,s, where the lines are the predictions from eq 2
with the specified α values and the blue shading represents the region within these limits. Gray regions in e and f represent regions, where ls/lch,s < 1.
All adhesives within the figure have three interconnects (N = 3).
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can be explained in the context of eq 1, where additional
interconnects in the compliant region increase the bending
rigidity, reducing the adhesion enhancement ratio (Figure 3c
inset).
Owing to the directional nature of the kirigami structures,

kirigami-inspired adhesives are expected to display anisotropic
adhesive characteristics. This is investigated by selecting a unit
cell in the model C design and rotating 90° with constant
dimensions to create a reconfigured model (Figure 4a). Figure
4b shows a plot of the normalized peel force as a function of
displacement for a model C adhesive and a directionally
reconfigured adhesive (ls = 8 mm and wint = 2 mm). The
average peak force of the model C design is ∼10× higher than
that of the reconfigured model. Figure 4c,d summarizes these
results by plotting the peak force Fs and the adhesion
enhancement ratio Fs/Fc of the two directionally contrasting
designs. It is shown that when cuts are perpendicular to the
crack propagation direction, the peak force and enhancement
ratio are high. Alternatively, the reconfigured model has cuts
parallel to the crack propagation direction, resulting in a low
peak force and enhancement ratio. This is due to two primary
factors. First, model C meets the criterion ls > lch,s, whereas the
reconfigured design does not, resulting in enhanced crack
trapping and adhesion enhancement for model C. Second, the
actual contact width in the compliant region for model C is
reduced, where wc = 0.13ws, whereas the reconfigured structure
has wc = 0.50ws.
To design cut patterns for anisotropic adhesion, we consider

the following criteria. For model C, ls ≥ lch,s and wint ≪ lch,s; this
will result in an increased Fs,C and a decreased Fc,C, where we
introduce the second subscript to denote the design. Upon
reconfiguring model C (90° rotation), the slender intercon-
nects from model C become the stiff regions in the
reconfigured model, where because of the condition that wint
< lch,s, the crack will not be fully arrested and Fs,R will be
reduced. Further, the contact width at the stiff interface in the
reconfigured model should be minimized while still allowing for
crack arrest in model C, where we find that ls,C ≃ lch,s. To
quantify this effect, first we define the adhesion anisotropy ratio
as Fs,C/Fs,R, where Fs,C is the peak force in model C and Fs,R is
the peak force in the reconfigured model. Given the conditions
above, the stiffness variation in the reconfigured model is
reduced, and approximations are made such that ws,R = wc,R and
Fs,R = αFc,R, where α describes the magnitude of the crack arrest
in the reconfigured model with α = 1 representing a minimized
crack-arresting response. Upon rearranging eq 1 to Fs,C =

(EsIsws/EcIcwc)Fc,C and substituting the respective Fs terms into
the adhesion anisotropy ratio, we find that for ls ≥ lch,s

α
=

F

F
E I w

E I L
s,C

s,R

s s s

c c s (2)

where Ls = ∑i=1
NR ls,i and NR is the number of rotated stiff

segments in the reconfigured model. This shows that the
adhesion anisotropy ratio is inversely proportional to ls when ls
≥ lch,s, demonstrating that for maximum anisotropy ratios, ls
should be approximately equal to lch,s to provide enhancement
in model C while minimizing peel width during removal of the
reconfigured model. This is experimentally examined by varying
ls across the range 0.31lch,s ≤ ls ≤ 3.1lch,s for model C and the
reconfigured model and measuring Fs,C and Fs,R. As shown in
Figure 4e, Fs,C increases until ls/lch,s ≃ 1 at which point Fs,C
reaches a plateau value, whereas Fs,R increases throughout the
ls/lch,s range as the peel width increases. Therefore, when
looking at the adhesion anisotropy ratio (Fs,C/Fs,R) in Figure 4f,
a maximum value is obtained when ls/lch,s ≃ 1 and then
decreases as ls increases. When eq 2 is plotted with three
different α values, the data is best described by α = 2,
demonstrating that the modest crack arrest occurs at the stiff
regions in the reconfigured model. By further minimizing the
crack arrest by decreasing wint, the adhesion anisotropy ratio
could be further enhanced. These experiments and analyses
demonstrate that through designed layouts of elasticity and
interconnects, kirigami-inspired adhesives with desired aniso-
tropic properties can be created.
To examine the general behavior of kirigami-inspired

adhesives relative to the theoretical predictions from eq 1, we
plot the adhesion enhancement ratio (Fs/Fc) as a function of
the bending stiffness and the width ratio (EsIsws/EcIcwc) in
Figure 5a. The plot shows an excellent agreement between the
experimental data and eq 1 without any data-fitting parameters.
When an adhesive is homogeneous, there is no enhancement in
the peak force (Fs = Fc). In contrast, when a periodic layout of
kirigami-inspired patterns is introduced onto the adhesive,
periodic undulations of the peel force are observed (Fs > Fc).
The adhesion enhancement ratio Fs/Fc of the kirigami-inspired
adhesives varies by a factor of ∼100 relative to a homogeneous
adhesive. For the case of models B and C, experimental data
points are distributed along the prediction line, which depends
on the number of interconnects in the compliant regions. The
peak force Fs and the adhesion enhancement ratio Fs/Fc
decrease with an increasing number of interconnects as the
heterogeneous system becomes more similar to a homogeneous

Figure 5. (a) log−log plot of the adhesion enhancement ratio (Fs/Fc) vs the contrast in bending stiffness and width (EsIsws/EcIcwc), where the solid
line is the prediction from eq 1. (b) log−log plot of the enhancement ratio in the work of adhesion vs EsIsws/EcIcwc, the solid line is an empirical fit
with y = 1/4x + 3/4. In both figures, data points that do not meet the length criterion ls > lch,s are excluded. (c) Photograph of a kirigami-inspired
adhesive peeling off from an arm.
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strip (see Figure 3c inset for details). A deviation from this
prediction is observed for model C with a single interconnect
(N = 1), where the theory overpredicts the experimental value.
We attribute this deviation to the poor load sharing across the
single interconnect. These results provide a general design
criteria for kirigami-inspired adhesives under peel loading,
where further tuning of the interfacial structure such as
changing thickness, interconnect geometry, or materials could
lead to greater enhancements and control of the adhesion force.
We also compute the work of adhesion Wad of kirigami-

inspired adhesives, which represents the work done by an
external loading system during the creation of new surfaces
between the adhesive and the substrate.44 The work of
adhesion when a peel front crosses a stiff interface is given by
calculating the area under the curve of a peel force−
displacement plot such that ∫ δ δ

δ δ δ

δ

− F( ) d
w

1
( )s p 0 0

p , where δ0 is

the displacement at which the crack begins transversing a stiff
interface and δp is the displacement at the peak force. The
enhancement ratio in the work of adhesion Wad,s/Wad,c as a
function of EsIsws/EcIcwc is presented in Figure 5b, whereWad,s/
Wad,c increases as EsIsws/EcIcwc increases. Here, we find

≈W

W
E I w
E I w

1
4

ad,s

ad,c

s s s

c c c
, which shows that the enhancement in the

work of adhesion increases at a slower rate than the
enhancement in the force with respect to EsIsws/EcIcwc. This
difference in the scaling for force and the work of adhesion
provides a mechanism to increase force capacity without
expending excess energy during separation. This could be useful
for applications such as climbing robots, where adhesive
capacity is desirable for supporting loads without large amounts
of energy consumption during locomotion.
These results provide guidance for the design and

implementation for new classes of adhesive materials. We
believe this work will be useful for bandages and wearable
electronics, where adhesion to skin can be controlled spatially
and directionally. Additionally, as functional kirigami devices
find uses in skin-mounted applications, the principles
developed here can provide insights into component placement
and interfacial structure for controlled and strong adhesion. To
highlight this potential, a kirigami-inspired adhesive is mounted
on the arm, as shown in Figure 5c. When peeled perpendicular
to the cuts, a high resistance to peeling is observed at every
compliant-to-stiff interface; however, it is easily peeled off when
the cuts are parallel to the peeling direction, as the peel front
propagates without meeting a stiff interface, as demonstrated in
the anisotropic results in Figure 4. This proof of concept for
spatially controlled and anisotropic adhesives demonstrates a
path for high-capacity, easy-release dry bandages and wearable
devices.

■ CONCLUSIONS
We have shown that tunable enhanced adhesion and
anisotropic adhesion responses can be developed through
kirigami-inspired adhesives. The design criteria developed here
shows that the force capacity of kirigami-inspired adhesives is
controlled by two primary parameters: the difference in
bending stiffness EsIs/EcIc and contact width ws/wc and that
the length of stiff regions can be utilized to tune adhesion
anisotropy. Combined with recent advances in digital
manufacturing with subtractive techniques such as laser cutting
and additive techniques such as three-dimensional and four-
dimensional printing, the concepts and general design criteria

presented in this work provide tools for generating highly
controlled adhesive materials. This can enable advanced
adhesives and wearable devices with programmed properties
for diverse adhesive applications.

■ EXPERIMENTAL SECTION
Fabrication. PET films (Grainger, E = 2.6 ± 0.1 GPa, tPET = 125

μm) are patterned by laser cutting (Epilog Laser Fusion M2, 75 W)
and are coated with an adhesive primer (BJB Enterprises SC-5004
silicone primer) on both sides for enhancing the adhesive strength
between the PET films and PDMS layers. A thin PDMS elastomer
layer (Sylgard 184 with a 20:1 base-to-curing ratio; Dow Corning, E =
880 ± 40 kPa, tPDMS ≈ 300 μm) is formed on an acrylic sheet using a
thin-film applicator (ZUA 2000; Zehntner Testing Instruments) and
then precured at 80 °C for 20 min. The prepared PET film is
deposited onto the undercured PDMS layer and is then returned to
the oven for 100 min for further curing. Another PDMS batch of an
identical mixing ratio is cast onto the cured bilayer sample to form a
trilayer structure using the same technique. This is cured at 80 °C for
19 h. For model C, PDMS sections in the compliant region are
removed by laser cutting.

Mechanical Testing. Samples (PDMS with a 20:1 base-to-curing
ratio and PET) are prepared in a dogbone shape, and tests are
conducted on an Instron 5944 mechanical testing machine at a
constant displacement rate of 1 mm/s. Figure S2a,b presents the
stress−strain curves for PDMS and PET dogbone samples,
respectively. The elastic modulus is computed as the slope of the
linear loading curve.

Characterization. A 90° peel test setup (Universal Grip) is
employed to measure peel forces between an adhesive pad and a
substrate on an Instron 5944 mechanical testing machine at a constant
displacement rate of 1 mm/s. Before each run, the surface of each
specimen is cleaned with isopropyl alcohol and Scotch tape to remove
all residues. Pressure is applied to the adhesive pad with a roller with a
dwell time of 3 min before each test. The interfacial energy Gc = Fc/w
is calculated for each specimen by averaging the data points in the
plateau compliant region before a peel front meets the first stiff
interface.

Bending Rigidity Calculations. For the bending rigidity
calculations, we assume that the stiff region and interconnects in the
compliant are composed of a single PET strip without considering the
two encapsulating PDMS layers, such that EsIs is equal to EPETIs,PET
and EcIc is equal to EPETIc,PET + EPDMSIc,PDMS, where EPDMSIc,PDMS is the
bending stiffness of the PDMS sections between the interconnects in
the compliant regions. We justify the assumption in our particular
system as the bending stiffness of PET is approximately equal to that
of the entire trilayer (EPETIPET ≈ EtrilayerItrilayer) because of the
significantly larger PET modulus compared to PDMS (EPET ≈
3000EPDMS).
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Figure S1: Photographs of kirigami-inspired adhesives under a 90° peel test (left column = 
Model A, center column = Model B, right column = Model C). Red solid lines indicate the 
position of the peel front and black dashed lines indicate the position of the peel front in a 
homogeneous adhesive. (Scale bar = 30 mm) 
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Figure S2.  Stress versus strain curve for (a) PDMS with a 20:1 base-to-curing ratio and (b)  
PET under tensile loading.   

 

 

Table S1: Tensile modulus, tensile strength and strain at fracture of PDMS and PET dogbone 
samples. 

 E 𝜎𝜎𝑓𝑓 𝜀𝜀𝑓𝑓  

PDMS 880 ± 40 kPa 1.6 ± 0.4 MPa  202.0 ± 1.7 % 

PET 2.6 ± 0.1 GPa 130.2 ± 1.3 MPa 90.5 ± 6.8 % 
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