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Structures of thin films bonded on substrates have been used in technologies as diverse as flexible

electronics, soft robotics, bio-inspired adhesives, thermal-barrier coatings, medical bandages, wearable
devices and living devices. The current paradigm for maintaining adhesion of films on substrates is to
make the films thinner, and more compliant and adhesive, but these requirements can compromise the
function or fabrication of film—substrate structures. For example, there are limits on how thin, compliant
and adhesive epidermal electronic devices can be fabricated and still function reliably. Here we report a
new paradigm that enhances adhesion of films on substrates via designing rational kirigami cuts in the
films without changing the thickness, rigidity or adhesiveness of the films. We find that the effective
enhancement of adhesion by kirigami is due to (i) the shear-lag effect of the film segments; (ii) partial
debonding at the film segments’ edges; and (iii) compatibility of kirigami films with inhomogeneous

Received 27th November 2017, deformation of substrates. While kirigami has been widely used to program thin sheets with desirable

Accepted 1st March 2018 shapes and mechanical properties, fabricate electronics with enhanced stretchability and design the
assembly of three-dimensional microstructures, this paper gives the first systematic study on kirigami

enhancing film adhesion. We further demonstrate novel applications including a kirigami bandage,
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1. Introduction

Structures of films bonded on substrates are used in diverse
technological applications such as flexible electronics,'™ soft
robotics,®® bio-inspired adhesives,”** thermal-barrier coatings,"®
medical bandages,'* wearable devices'>° and living devices.*"*>
While maintaining the adhesion of the films on the substrates
is critical in these applications, the films are usually prone to
delamination failure when the substrates are highly deformed.
For example, the skin on the human elbow, knee, wrist and
ankle can be highly stretched during body motions, and films
such as bandages and wearable devices attached on these
regions may get detached. Fig. 1a illustrates the debonding
process of a continuous film bonded on a thick substrate under
deformation.>* 2® As the substrate is stretched, the film initially
deforms with the substrate. However, when the strain in the
substrate reaches a critical value, a crack propagates along the
interface and the film eventually detaches from the substrate.*
In order to maintain the adhesion of films on substrates,
thinner and more compliant films and tougher interfaces have
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a kirigami heat pad and printed kirigami electronics.

been proposed.>****#73! However, in many cases, it is challeng-
ing to vary the thickness or rigidity of the films or tune the
interfacial toughness. For example, there are limits on how thin,
compliant and adhesive epidermal electronic devices can be
fabricated and still function reliably.>**> Therefore, new methods
to enhance film adhesion are of critical importance in various
technological applications of film-substrate structures.

Here we show that rationally designed kirigami cuts in a
film on a substrate can greatly enhance the critical strain for
overall detachment of the film, especially on substrates under-
going inhomogeneous deformation. We find that the effective
enhancement of adhesion by kirigami is due to (i) the shear-lag
effect of the film segments; (ii) partial debonding at the film
segments’ edges; and (iii) compatibility of kirigami films with
inhomogeneous deformation of substrates (Fig. 1b). This new
mechanism on enhancing film adhesion by kirigami has been
validated by numerical simulation and experiments (Fig. 2-4),
and its application has been demonstrated by the example of a
kirigami bandage that achieves much enhanced adhesion on skin
without changing the thickness or rigidity of the films or film-
substrate interfaces (Fig. 4). In particular, we find that the kirigami
film can better accommodate the deformation of wavy conductive
wires adhered on or embedded in the films without delamination
than continuous films**>* (Fig. 5). We further demonstrated the
novel applications of the kirigami-wavy wire structure including a
kirigami heat pad and printed kirigami wearable electronics (Fig. 6).
While kirigami has been intensively studied for programming thin
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Fig. 1 Schematic illustration of the mechanisms for kirigami enhancing film
adhesion. (a) The continuous film delaminates from a substrate under critical
strain. (b) The film with designed kirigami cuts can significantly enhance the
critical strain for delamination owning to the shear-lag effect of the film
segments, partial debonding at the film segments’ edges, and compatibility
of kirigami films with inhomogeneous deformation of substrates.

sheets with desirable shapes and mechanical properties,®>™*" fabri-
cating stretchable electronics with enhanced stretchability,"* and
designing the assembly of 3D structures;**™*® to our knowledge, this
is the first time kirigami has been harnessed to enhance the effective
adhesion of films on substrates with broad applications ranging
from adhesive bandages to wearable electronics.

2. Numerical simulations

Two-dimensional (2D) finite element models are established to
calculate the energy release rates for both initiation and pro-
pagation of the film-substrate debonding. The simulations are
implemented by commercial software package ABAQUS/Standard
with plane-strain element CPE4RH. Both film and substrate are
represented by an incompressible neo-Hookean material which
has the strain energy density of
U =g J%(/llz +2P+2%) =3 +§(J - 1) (1)

where p and K are the shear and bulk moduli of the material that
are measured from experiments, and /; are the principal stretches,
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J = 21/2/3. To simulate the film-substrate structure, the film and
substrate have the shear moduli and thicknesses of (ugHy) and
(1s,Hs), respectively. As shown in the finite-element models for
debonding initiation in ESL} Fig. S1 and debonding propagation
in ESL Fig. S2, we simulate half of the structure owing to the
mirror symmetric condition. The substrate is considered to be
much thicker than the film (Hs > Hjy).

The energy release rate G is calculated by evaluating the
energy released to propagate a crack by a unit length. Thereafter,
we divide the energy release rate by u¢Hy to give a dimensionless
value.

For debonding initiation (Fig. 2), the film-substrate struc-
ture has width L at the reference state (ESI,¥ Fig. Sla) and a
lateral stretch 1 is applied to the substrate (ESI,T Fig. S1b). Next,
a case with a prescribed crack length R (ESLt Fig. Slc) is
stretched to the same amount (ESI, Fig. S1d) and the crack
length changes to r at the current state. The energy release rate
G is calculated as the energy difference between the crack-free
case and the cracked case, then divided by the crack length at the
reference state. For debonding propagation (Fig. 3), the initial
adherent film segment width is L, and the analyzed adherent film
segment widths are L,. Then, the same procedure as described for
calculating the energy release rate of debonding initiation is
followed (ESI,T Fig. S2).

To compare the simulation results with the experimental
results on critical debonding stretch as shown in Fig. 3e and f,
the parameters in the numerical model are set to be the same
as experimentally measured values. The corresponding energy
release rate G is calculated as a function of applied stretch A.
By setting the calculated G equal to interfacial toughness I', we
calculate the corresponding critical stretches A. for delamina-
tion from FEM and compare the critical stretches with the
experimental results.

3. Materials and methods
3.1. Fabrication of film-substrate system

In this paper, the fabrications of soft materials for a film-
substrate system were conducted using two types of silicone
rubbers: PDMS (DowCorning Sylgard 184 Silicone Elastomer
Kit) for fabrication of films and Ecoflex (Smooth-On Ecoflex™
00-30) for fabrication of substrates. PDMS films with different
moduli were fabricated by mixing resin and crosslinker in a
weight ratio of 30: 1, and 15: 1 (DowCorning Sylgard 184 Silicone
Elastomer Kit), and then curing for 5 h at 90 °C. The corres-
ponding shear moduli are measured to be 27 kPa and 128 kPa,
respectively (fitted by neo-Hookean material constitutive law as
shown in ESL 7 Fig. S5). The Ecoflex substrate was fabricated by
mixing the two components of the Ecoflex 00-30 in the weight
ratio of 1A: 1B, and then curing for 2 hours at room temperature.
The corresponding shear modulus of the Ecoflex was measured
to be 20 kPa. The single layer PDMS film with shear modulus
27 kPa or 128 kPa was attached on the Ecoflex substrate, giving a
film-substrate modulus ratio of 1.4 or 6.4, respectively. To make
the fabricated PDMS film adhesive, a layer of silicone adhesive

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Shear-lag effect of the film segments in a kirigami film. (a) Schematic of the cross section of a film segment at the undeformed state.
(b) Deformation of film segments on a substrate under uniaxial stretch. The shear deformation around the edges of the film segments gives the shear-lag
effect, which reduces the energy release rate compared with the continuous film. (c) Photo of deformed film segments on a substrate under uniaxial
stretch. (d) The normalized energy release rate G/Hgus for debonding initiation as a function of film segment size L/H¢ and applied stretch 4 with fixed
film—substrate modulus ratio u¢/us = 10, calculated from a finite-element model. (€) The normalized energy release rate G/H;yu for debonding initiation as
a function of film segment size L/H¢ and film-substrate modulus ratio u/us with fixed applied stretch A = 2, calculated from a finite-element model.

(WACKER SiGel 613) was made by mixing resin and crosslinker
with 10:1 weight ratio, spin-coating onto the fabricated PDMS
films at the spin speed of 1000 rpm for 30 seconds, and then curing
for 5 h at 60 °C. This gave an adhesive PDMS layer with thickness
around 100 pm, much thinner than the film thickness (1.5 mm).

3.2. Fabrication of the inhomogeneous substrate

To achieve inhomogeneous deformation of a substrate under uni-
axial tension, we fabricated an inhomogeneous substrate by bonding
three material sections along the loading direction: two rigid PDMS
sections on the sides with one compliant Ecoflex section in the
middle (Fig. 4a). The PDMS sections were fabricated by mixing resin
and crosslinker in the weight ratio of 10: 1 (DowCorning Sylgard 184
Silicone Elastomer Kit), and then curing for 5 h at 90 °C, which gave
the corresponding shear modulus of 245 kPa. The Ecoflex substrate
was fabricated by mixing the two components of the Ecoflex 00-30 in
the weight ratio of 1A: 1B, and then curing for 2 hours at room tem-
perature, which gave the corresponding shear modulus of 20 kPa.
Thereafter, a thin Ecoflex layer with a thickness of 0.5 mm was cured
on top of the inhomogeneous substrate surface to ensure the same
surface adhesion on the substrate.

3.3. Fabrication of adhesive PDMS films with kirigami designs

PDMS sheets with designed kirigami cuts were fabricated by
pouring the mixed resin and crosslinker in the weight ratio of
10:1 (DowCorning Sylgard 184 Silicone Elastomer Kit) into

This journal is © The Royal Society of Chemistry 2018

3D-printed molds. A layer of silicone adhesive (WACKER SiGel
613) was made by mixing resin and crosslinker with 10:1 weight
ratio, spin-coating onto the fabricated PDMS films at the spin
speed of 1000 rpm for 30 seconds and then curing for 5 h at 60 °C,
which gave an adhesive PDMS layer with thickness around 100 pm,
much thinner than the film thickness (1.5 mm).

3.4. Fabrication of a kirigami film with an embedded heating
module

The kirigami film was prepared by pouring the two components of
the Ecoflex 00-30 in the weight ratio of 1A:1B into a 3D-printed
mold. For the heating module, we used a 0.1 mm-diameter AWG38
Nichrome resistance heating wire. The heating wire was then
stitched into the Ecoflex kirigami film with designed sinusoidal
shape as illustrated in Fig. 5a. Another thin layer of Ecoflex was
cured on the kirigami film to fully encapsulate the heating wire. A
layer of adhesive (WACKER SiGel 613) was then spin coated onto
the prepared film. To heat up the heating wire, a 3 V DC input was
introduced by a DC power supply (Agilent). A thermal imaging
camera (Seek Thermal CompactPro Imaging Camera for iPhone)
was used to monitor the surface temperature of the kirigami film.

3.5. Fabrication of a kirigami film with an embedded
stretchable electronic device

The kirigami film was prepared by introducing kirigami cuts
into a PDMS sheet with adhesive backing (McMaster) by a laser

Soft Matter, 2018, 14, 2515-2525 | 2517
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Fig. 3 Partial delamination of the film segments in a kirigami film. (a) Schematic of the cross section of a film segment at the undeformed state. (b) Partial
delamination of film segments on a substrate under uniaxial stretch. (c) Photo of the partial delaminated film segments on a substrate under uniaxial
stretch. (d) The normalized energy release rate G/Hus for debonding propagation as a function of adherent segment size La/H; and applied stretch 1 with
fixed film—substrate modulus ratio u¢/us = 10 and initial film segment size L/H; = 150, calculated from a finite-element model. (e) The normalized energy
release rate G/Hqus for debonding propagation as a function of adherent segment size La/H; and film—substrate modulus ratio u/us with fixed applied
stretch A = 2 and initial film segment size L/H; = 150, calculated from a finite-element model. (f) Experimental validation of critical stretch /. for interfacial
crack propagation as a function of adherent segment size La/H; for a film—substrate structure with modulus ratio u¢/us = 6.4. (g) Experimental validation
of critical stretch A. for interfacial crack propagation as a function of adherent segment size La/Hs for a film—substrate structure with modulus ratio

wuelus = 1.4.

cutter (EPILOG LASER). The electrical circuit was printed onto
the kirigami substrate by a customized 3D printer consisting
of an XYZ robotic gantry (Aerotech) and microdispensers
(Ultimus V; Nordson EFD). The printing paths for the
electrical circuit were generated with G-code. A commercial
silver ink (DuPont ME603) was used as a conductive ink and a
200 pm nozzle (Nordson EFD) was used to print the ink. After
printing the circuit onto the kirigami substrate, four parallel
aligned LEDs were placed onto desired locations and the
assembly was cured in the oven for 2 h at 120 °C. To light

2518 | Soft Matter, 2018, 14, 2515-2525

up the LEDs, a 3 V DC input was introduced by the DC power
supply (Agilent).

3.6. Measurement of energy release rate for steady-state crack
propagation at the film-substrate interface

Many experimental techniques and models have been developed
to evaluate the interfacial toughness of thin film adhesives.>**”*®
In our case, we measured the interfacial adhesion energy of the
film-substrate system fabricated in Section 3.1 by the 90° peeling
test, which gave the adhesion energy of 1 ] m™? (Fig. S3, ESI?).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Kirigami film on substrates undergoing inhomogeneous deformation. (a) Design of a substrate with homogeneous rigidity that gives
inhomogeneous deformation under uniaxial stretch. (b) Strain distribution ¢,, (nominal strain) on the substrate under applied stretch 4 = 1.1, 1.2 and
1.3, obtained by digital image correlation. (c) Snapshots of a continuous film detaching from the substrate given in (a) under applied stretch up to 1 = 1.25.
(d) Snapshots of kirigami film deformation without delamination on the substrate given in (a) under applied stretch up to 4 = 1.25. (e) A continuous film
detaches from the elbow during bending. (f) The corresponding kirigami film maintains adhesion on the elbow during cyclic bending.

In order to evaluate the critical energy release rate for steady-state
crack propagation, we introduced initial cracks at both edges of the
film prior to applying the load, as shown in ESI,f Fig. S6. Then, we
used a universal test machine (2 kN load cell; Zwick/Roell Z2.5) to
stretch the film-substrate system. The critical stretch for steady-state
crack propagation was identified when the adherent film segment
started to detach, as illustrated in ESL Fig. S6 and Movie S7.

4. Results and discussion

Consider a film with thickness Hr bonded to a thick stretchable
substrate with thickness H. Without losing generality, both the
film and the substrate are taken as incompressible neo-Hookean
materials with initial shear moduli of z and p, respectively. The
film-substrate structure is assumed to undergo plane-strain
deformation with an applied substrate stretch 4, defined as the

This journal is © The Royal Society of Chemistry 2018

ratio between the structure’s lengths along the stretching direc-
tion in the current and undeformed states. The elastic energy
stored in the film drives the film’s delamination from the
substrate, and the adhesion energy between the film and sub-
strate prevents debonding. The energy release rate G is defined
as the reduction of the film-substrate structure’s elastic energy
when the film delaminates by a unit area, and the interfacial
toughness I" as the work required to separate the film from the
substrate by a unit area. At a critical stretch A., when the energy
release rate G reaches the interfacial toughness I', the film
begins to delaminate from the substrate. By dimensional argu-
ment, we can express the energy release rate as

G = psHzf, (2

where f is a dimensionless function of the applied stretch 4,
modulus ratio p/us and geometry of the structure.”>>° If the

Soft Matter, 2018, 14, 2515-2525 | 2519
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Fig. 5 Kirigami film—wavy wire structure enhancing effective wire adhesion. (a) Design of the kirigami film—wavy wire structure, where the wire follows a
sinusoidal shape with wavelength @ = 2L and amplitude A = (C + D)/4. (b) The same wavy wire is bonded on the corresponding continuous film.
(c) Distribution of nominal strain &, in the kirigami film—-wavy wire structure under applied stretch /. = 1.5. (d) Distribution of nominal strain ¢, in the

corresponding continuous film under applied stretch 42 = 1.5.

film is continuous as illustrated in Fig. 1a, the energy release
rate for steady-state propagation of an interfacial crack can be
expressed as G = puHp(2* + A~> — 2)/2. When the applied stretch
reaches the critical value A, the film will mostly debond from
the substrate (except for a small segment of attachment). In the
following paragraphs, we will discuss the mechanisms of how
the kirigami in the films can significantly increase the critical
stretches for delamination.

4.1. Design of the kirigami pattern

To focus on kirigami’s effect on adhesion of films, we adopt a
simple kirigami pattern in the current study. As illustrated in
Fig. 1b, a row of cuts with equal length C and equal length of
gap between two adjacent cuts D is applied in a film, perpendi-
cular to the stretching direction. In an adjacent parallel row
with distance L, the same cuts are repeated but shifted up by
(C + D)/2. In this way, a pattern of kirigami is generated by
repeating the parallel rows of cuts and keeping the same
distance L between adjacent rows. The width of the kirigami
cuts is negligible in the current study, i.e., no subtraction of
film material during the cut. In addition, the length of the cuts
C is much larger than the gap length between adjacent cuts D
and the distance between adjacent rows of cuts L, so that each
resultant film segment can be approximately taken to undergo
plane-strain deformation.

4.2. Shear-lag effect in delaying film-substrate debonding

A cross section of the kirigami-film-substrate structure along
the stretching direction is illustrated in Fig. 2a. When the
substrate is stretched, the edges of each film segment undergo
shear deformation prior to delamination, as illustrated in
the schematic and experimental images in Fig. 2b, with the
experimental image shown in Fig. 2c. The shear lag can reduce
the energy release rate of kirigami films compared with the

2520 | Soft Matter, 2018, 14, 2515-2525

corresponding continuous films under the same applied stretch,
and allows the film to bear larger stretch prior to debonding. The
shear-lag effect is especially significant when the width of the
film segment L is comparable with the film thickness H;.

To quantitatively understand the shear-lag effect of film
segments on adhesion, we calculate the energy release rate G
for the initiation of delamination in a unit cell of the kirigami
film-substrate system using commercial software package
ABAQUS/Standard (Fig. S1, ESIf). In the simulation, the sub-
strate is considered to have infinite depth (i.e., Hy > Hy).
Therefore, the normalized energy release rate for the initiation
of delamination G/Hgu can be expressed as

G ,Llf L)
— (2B =), 3
Hypg f( us Hp G

Fig. 2d and e give the simulation results of the normalized
energy release rate G/Hgyir as functions of the film segment size
L/Hg, applied stretch 4 and film-substrate modulus ratio pg/us.
For each fixed value of stretch A and modulus ratio ug/us, the
normalized energy release rate G/Hgys indeed increases with
film segment size L/Hy and reaches a plateau at very large values
of L/Hg (i.e., over 100). The reduction of the energy release rate
with decreasing L/H; is more pronounced for systems with
higher stretch 4 (Fig. 2d) and higher modulus ratio u/y (Fig. 2e).

4.3. Effect of partial delamination of film segments in
delaying film-substrate debonding

Although the shear-lag effect can delay the initiation of delami-
nation, the edges of film segments will eventually begin to
debond from the substrate under a critical stretch. However,
the delamination process will stop before the film segments are
fully detached from the substrate, due to the reduction of
energy release rate with interfacial crack propagation (Fig. 1b
and 3b); and the middle regions of the film segments can still

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Kirigami wearable devices. (a—e) Design and demonstration of a kirigami heat pad. (a) Schematic illustration of the design of the kirigami heat pad.
(b) The kirigami heat pad is attached on a knee in the straight state. (c) The kirigami heat pad maintains adhesion on the knee under 90-degree knee
bending over 100 cycles. (d and e) The corresponding thermal imaging of (b) and (c) after heating. (f—i) Design and demonstration of a kirigami electronic
device. (f) Schematic illustration of the design of the kirigami electronic device with attached LEDs. (g) Photo of the kirigami electronic device. (h) The

kirigami electronic device is attached on an elbow in the straight state.
90-degree elbow bending.

bond on the substrate. Therefore, the kirigami film can main-
tain overall adhesion on the substrate, despite partial delami-
nation, under applied stretches that would have delaminated
the corresponding continuous films.

To quantitatively understand the partial delamination’s
effect on enhancing film adhesion, we calculate the energy
release rate G for the propagation of delamination in a unit cell
of the kirigami film-substrate system (Fig. S2, ESIt). Fig. 3b
illustrates the cross section of partially delaminated film seg-
ments on a stretched substrate, with the experimental image
shown in Fig. 3c. The width of the adherent region between
film segment and substrate in the undeformed reference state
is denoted as L,. When the substrate undergoes applied stretch,

This journal is © The Royal Society of Chemistry 2018

(i) The kirigami electronic device maintains adhesion on the elbow under

the width of the adherent film segment is /, at the current state.
The energy release rate for propagation of an interfacial crack
in the adherent region can then be expressed as

Hi:f(i’ﬂ’i’&) (4)
i us Hy Hp

To focus on partial delamination’s effect, we fix the width of
the kirigami film segment to be L/H¢ = 150 and calculate the
energy release rate as a function of the applied stretch 4, the
modulus ratio ug/yis, and the width of remaining adherent film
segment L,/Hyg, as shown in Fig. 3d and e. For various values of
modulus ratios pg/ps and applied stretches 4, when the inter-
facial crack is propagating away from the edges of the film

Soft Matter, 2018, 14, 2515-2525 | 2521
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segment (ie., after crack initiation), the normalized energy
release rate G/Hgur decreases drastically and reaches the value
for steady-state propagation G/ugH¢ = (/> + A% — 2)/2. As the
interfacial crack further propagates and the adherent width
L, reaches a few times the film thicknesses (e.g., 20H; ~ 50Hj),
the energy release rate decreases from the steady-state value
(shown by dashed lines in Fig. 3d and e). Therefore, a higher
applied stretch is required to further delaminate the adherent film
segments than the critical stretch for steady-state propagation of
an interfacial crack in the corresponding continuous film. In
addition, the effect of partial delamination (i.e., decreasing La/Hy)
on reducing energy release rate is more pronounced in systems
with higher modulus ratio u/us as shown in Fig. 3e.

We next experimentally validate the partial delamination’s
effect on delaying interfacial debonding, by measuring the
critical stretches for delamination and comparing the experi-
mental results with simulations. In the experiments, PDMS and
Ecoflex are used to fabricate the film and substrate with
thicknesses of 1.5 mm and 12.5 mm, respectively. The shear
modulus of the substrate is measured to be us = 20 kPa, and the
moduli of the film with different crosslinking densities are
measured to be ur = 27 kPa and 128 kPa. The film-substrate
interfacial toughness is measured to approximate I' ~ 1 J m™>
(Fig. S3, ESIT). The width of the film segment is set to be
L=90 mm, and a number of typical adherent segment widths are
chosen in the tests from L, = 4.5 mm to L, = 90 mm. For each
modulus ratio and adherent segment width, the Ecoflex sub-
strates are stretched to critical stretches until the crack begins to
propagate in the adherent region (Fig. S6, ESIt). The experimen-
tally measured critical stretches 4. for various values of y/us and
La/Hy have been plotted in Fig. 3f and g. In comparison, we set
the values of pug/us, L/Hy, and Ly/H; in the numerical model to be
the same as experimental values, and then calculate the corres-
ponding energy release rate G as a function of applied stretch 4.
By setting the calculated G equal to the measured interfacial
toughness I', we calculate the corresponding critical stretches A,
for delamination and compare the experimental and simulation
results in Fig. 3f and g. The numerical model can consistently
predict the critical stretch for interfacial crack propagation in
adherent film segments. In addition, both the experimental and
simulation results validate that partial delamination in kirigami
film segments can significantly enhance critical stretches for
delamination.

4.4. Kirigami film accommodating inhomogeneous
deformation of the substrate

In many applications such as bandages and wearable devices,
the deformation of the substrates can be inhomogeneous. For
example, the skin right above the joints in the human body can
be deformed much more significantly than adjacent regions
during rotational movements of the joints. Adherent films
usually cover both the joint and adjacent regions. As a result,
the part of a continuous film adhered on the joint regions can
be highly stretched during body motion to give a high energy
release rate for delamination propagation. On the other hand,
the part of a kirigami film (Fig. 1b) adhered on joint regions
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may be partially or fully detached during body motion; how-
ever, the part of the kirigami film on adjacent regions can still
maintain its adhesion due to low energy release rate for
delamination in adjacent regions.

We next demonstrate kirigami’s effect on adhesion of films
on substrates undergoing inhomogeneous deformation. As
illustrated in Fig. 4a, an inhomogeneous substrate is fabricated
with Ecoflex with shear modulus of 20 kPa in the middle (width
30 mm) and PDMS with shear modulus of 245 kPa on the sides
(width 25 mm). A thin layer of Ecoflex is further coated on the
surface of the substrate to ensure the same surface adhesion of
the inhomogeneous substrate. We next uniaxially stretch the
substrate to different levels and use digital image correlation
(DIC) to measure the strain distribution in the substrate. Fig. 4b
indicates that the designed substrate can effectively give inhomo-
geneous deformation to approximate the deformation around
joint regions in the body. In addition, PDMS with thickness
of 1.5 mm and shear modulus of 128 kPa is selected as the
continuous film. To fabricate the kirigami film, the periodic
cuts illustrated in Fig. 1b are applied on the corresponding
continuous film with L = 7.0 mm, C = 19.0 mm and D = 3.0 mm.
The continuous or kirigami film is physically attached to the
inhomogeneous substrate, which is then subjected to uniaxial
tension. As shown in Fig. 4c, the continuous film begins to
delaminate from the substrate under relatively low applied
stretch (i.e., 2 = 1.05), with the black dashed line indicating
the boundary of the detached region. Under the same stretch
(i.e., A = 1.05), the kirigami film only shows the initiation of
partial debonding at the edges of the film segments (Fig. 4d). As
the applied stretch increases to higher values (e.g., 4 = 1.25), the
continuous film detaches from one side of the substrate. On the
contrary, under the same high stretch (4 = 1.25), the kirigami
film only partially delaminates from the highly stretched middle
region of the substrate, while it maintains good adhesion on the
less-stretched side regions (Movie S1, ESIt). Delamination tests
are further done on a conventional medical bandage (3M™ Elastic
Adhesive Bandage, thickness 0.3 mm) and the same bandage
with kirigami cuts (L = 1.8 mm C = 14.0 mm and D = 2.6 mm) on
the same inhomogeneous substrate. ESI,f Fig. S4 and Movie S2
demonstrate the significantly enhanced adhesion of the kirigami
bandage over the continuous bandage on a substrate undergoing
inhomogeneous deformation. Besides the three major factors
(film shear lag, partial debonding, and accommodation of
inhomogeneous deformation) that explain the mechanism of
kirigami film enhancing interface adhesion, there are other
potential factors such as buckling, twisting, and in-plane and
out of plane rotation of the film segments, which may also
affect interfacial debonding.?>*7*

Next we demonstrate that the kirigami film can significantly
enhance adhesion on the skin above moving joints of the
human body compared with continuous films. We attach the
continuous or kirigami film (PDMS with overall dimension of
110.0 mm X 69.0 mm X 1.5 mm, shear modulus of 128 kPa,
L=7.0 mm, C=19.0 mm and D = 3.0 mm) onto the elbow of an
arm in the straight state (i.e., 180° angle). Thereafter, we bend the
elbow to states of 90° and 45° angles. From Fig. 4e, f and ESL ¥
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Movie S3, it can be seen that the continuous film delaminates
easily from the elbow during bending motion. On the other
hand, the kirigami film can maintain overall adhesion on the
elbow even under severe bending (45° angle), despite partial
delamination right above the joint.

4.5. Kirigami film-wavy wire structure

Wearable electronics in the form of thin films adhered on
various parts of the body have been intensively developed over
the last decade.’>*>" However, it is still challenging to main-
tain reliable adhesion of thin-film wearable electronics on
deforming body parts such as joints.*>** In addition, the
delamination and fracture of electronic components on highly
stretched thin films still causes serious reliability issues to
wearable electronics.>® Here we will demonstrate a new type of
wearable devices based on kirigami films that can significantly
enhance the effective adhesion and reduce the strains in the
kirigami films compared with corresponding continuous films.
As aresult, the kirigami wearable devices can reliably adhere on
moving joints and maintain the bonding of electronic compo-
nents on them.

Rigid metallic and semiconductor materials have been made
into wires of wavy (or serpentine) shapes and bonded on
compliant films to enhance the stretchability of these rigid
materials.>**>>° When the film-wavy wire structure is stretched,
the maximum strain in the rigid wire can be significantly
reduced compared with the bulk material under the same
stretch. However, the rigid wire still constrains the deformation
of the stretched film right beneath it, potentially driving the
debonding of the wire from the film.>***** Here we will show
that the strain in a kirigami film (and thus mismatch strain
between film and wire) can be significantly reduced compared
with the corresponding continuous film under the same stretch,
delaying delamination of the wire from the kirigami film. The
deformation of the continuous film-wavy wire structure will be
compared with the corresponding kirigami film-wavy wire
structure under the same stretch. Since the rigid wire cannot
cross the kirigami cuts, without loss of generality we make the
wavy wire follow a sinusoidal shape with wavelength w = 2L and
amplitude A = (C + D)/4, and set the peak and valley points of the
sinusoidal wire to overlap with the middle points of the gaps
between adjacent cuts in a row, as illustrated in Fig. 5a. For
comparison, a rigid wire with the same sinusoidal shape is
attached on the corresponding continuous film (Fig. 5b).

Thereafter, we simulate the deformation of the continuous
film-wavy wire structure and kirigami film-wavy wire structure in
a plane to approximate their deformation on substrates, using
ABAQUS. (Note the approximation also accounts for partial dela-
mination of the kirigami film to allow opening of the cuts.) In the
simulation, we set the width and height of the rigid wire to be 2 <
H; and Hy, respectively; the wire-film modulus ratio fhyig/us = 10%
and the kirigami parameters L = 70Hg, C = 190Hy, and D = 30H.
Then we uniaxially stretch representative segments (Fig. 5b) of the
film-wavy wire structures in the simulation to a typical stretch
/= 1.5. As shown in Fig. 5d, while most of the regions in
the continuous film are stretched to a strain over &, = 0.5
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(nominal strain), the rigid wire constrains the deformation of
the film around it and causes high mismatch strain at the film-
wavy wire interface, potentially driving the delamination of
rigid wires.*> On the other hand, the strain in the kirigami film
is much reduced (around ¢,, = 0.07) compared with the con-
tinuous film under the same stretch (4 = 1.5), due to the
opening of cuts in the kirigami film resulting from its partial
delamination (e.g., Fig. 4d and f, experimental figures in the
paper showing the opening). As a result, the mismatch strain
between kirigami film and rigid wire and thus the driving force
for wire debonding have been significantly reduced, which
gives more reliable wire adhesion on the kirigami film than
on the corresponding continuous film (Fig. 5c).

4.5.1. Kirigami heat pad. Heat pads can conformally attach to
the joints of the human body and potentially help relieve the pain
in joints by on-demand heating.®*®* While wearable heat pads have
been developed, it is still challenging to maintain their adhesion on
body parts undergoing large deformation such as the joints.>® Here
we demonstrate a kirigami heat pad that can reliably adhere on the
knee under large bending and deformation. We select an Ecoflex
film with overall dimensions 130.0 mm x 69.0 mm x 1.5 mm, and
a kirigami pattern with L =7.0 mm C =19.0 mm and D = 3.0 mm to
fabricate the kirigami pad. Thereafter, we deform Nichrome resis-
tance heating wires (diameter 0.1 mm, resistance 138.8 ohm m ™)
into the corresponding wavy shape (w = 14.0 mm A = 5.5 mm) and
then bond them on the kirigami pad as shown in Fig. 6a. The
kirigami pad shows remarkable good adhesion to the knee skin
during large cyclic bending motion of the knee (0 to 90 degrees), as
shown in Fig. 6b and c (see ESL{ Movie S4 for the adhesive
performance of the kirigami heat pad under 100 knee-bending
cycles). Once a DC voltage of 3 V is applied to the heating wire, the
kirigami heat pad increases its temperature while still maintaining
good adhesion on the knee during bending motion (Fig. 6d, e, and
Movie S5, ESIt for the thermal imaging video for the kirigami heat
pad deformation under 90-degree knee bending). In addition to the
enhanced adhesion, the open slits on the kirigami heat pad can
significantly enhance the breathability of the heat pad, potentially
leading to a more comfortable wearing experience.®”

4.5.2. Printed kirigami wearable electronics. The design of
kirigami film-wavy wire structure and devices is also compatible
with additive manufacturing methods such as printing. As illu-
strated in Fig. 6f, an adhesive PDMS sheet with thickness of 0.7 mm
is selected as the film and a kirigami pattern with L = 7.0 mm, C =
19.0 mm and D = 3.0 mm is applied on the film. Thereafter, a
conductive silver ink (DuPont ME603) is printed on the kirigami
film following a programmed wavy pattern with o = 14.0 mm A =
5.5 mm as demonstrated in Fig. 6g and ESIf Movie S6. Some
discontinuous regions have also been programmed into the print-
ing pattern of the conductive ink for attachment of other electronic
components in later steps. The conductive silver ink is printed
using a 200 um nozzle with 300 mm min ' printing speed and
200 kPa printing pressure. The motion path of the printing nozzle
is programmed by G-code following the designed path. (See ESL ¥
Movie S6 for details on the printing process.) Thereafter, functional
components such as LEDs can also be attached to designated
regions of the kirigami device (Fig. 6g). Notably, the commercial
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conductive silver ink (DuPont ME603) also serves as an adhesive
upon curing, which provides robust adhesion and electrical contact
between the kirigami device and electronic components such as
LEDs. To demonstrate its function and wearability, we attach the
fabricated device to the elbow of an arm in the straight state, and
then apply a DC voltage of 3 V to the printed conductive wire to
lighten the LEDs (Fig. 6h). When the elbow is bended, the kirigami
device can maintain overall adhesion on the elbow and the printed
wires maintain conductivity and attachment on the film, owing to
the kirigami film-wavy wire design (Fig. 6i).

5. Conclusion

Kirigami has been intensively studied for programming thin
sheets with desirable shapes and mechanical properties, enhanc-
ing the stretchability of films, and designing the assembly of 3D
structures. In this paper, for the first time, we introduce designed
kirigami cuts into films to significantly enhance their adhesion on
substrates under large inhomogeneous deformation, without the
need to change the film’s thickness, rigidity or adhesiveness. We
show that the mechanisms of kirigami enhancing film adhesion
include the shear-lag effect of the film segments, partial debond-
ing at the film segments’ edges, and compatibility of kirigami
films with inhomogeneous deformation of substrates. These
mechanisms have been systematically explained and validated
by combined theory, experiments and numerical simulation. We
further propose kirigami film-wavy wire structures as a new
strategy for the design of kirigami wearable devices with much
enhanced adhesion on body parts undergoing large deformation
such as the heart and joints. Based on the new mechanisms and
design, we further demonstrate novel and tangible applications
including a kirigami bandage, a kirigami heat pad, and printed
kirigami wearable electronics. In addition to wearable electronics,
the kirigami strategy for enhancing film adhesion is expected to
enable novel applications in diverse areas such as soft robotics,
bio-inspired adhesives, medical bandages, and living devices,
where robust film-substrate structures are critical but it is challen-
ging to vary the film’s thickness, rigidity or adhesiveness.
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