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ABSTRACT: Controlled buckling and delamination of thin films on a
compliant substrate has attracted much attention for applications
ranging from micro/nanofabrication to flexible and stretchable
electronics to bioengineering. Here, a highly conductive and stretchable
conductor is fabricated by attaching a polymer composite film (with a
thin layer of silver nanowires embedded below the surface of the
polymer matrix) on top of a prestretched elastomer substrate followed
with releasing the prestrain. A partially delaminated wavy geometry of
the polymer film is created. During the evolution of the buckle-
delamination, the blisters pop-up randomly but self-adjust into a
uniform distribution, which effectively reduces the local strain in the
silver nanowires. The resistance change of the conductor is less than 3%
with the applied strain up to 100%. A theoretical model on the buckle-delamination structure is developed to predict the geometrical
evolution, which agrees well with experimental observation. Finally, an integrated silver nanowire/elastomer sensing module and a
stretchable thermochromic device are developed to demonstrate the utility of the stretchable conductor. This work highlights the
important relevance of mechanics-based design in nanomaterial-enabled stretchable devices.
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■ INTRODUCTION

The field of stretchable electronics has evolved rapidly in the
past decade. Stretchable electronics has significantly broadened
the applications of conventional electronics to new areas such
as continuous health monitoring, human−machine interfaces,
and electronic skin in robotics and prosthetics.1−5 Stretchable
conductors, as the most fundamental building blocks of
stretchable electronics, have attracted loads of attention.
There are two main strategies to develop stretchable
conductors based on the materials used: nanocomposites
with synthesized nanomaterials dispersed into a polymer
matrix6−12 and deposited thin films exploiting mechanically
guided structural design.13−15 Other strategies include using
liquid metals patterned and encapsulated into channels of
elastomer substrates.16

For the nanocomposite strategy, a wide variety of nanoma-
terials have been employed such as metal nanoparticles,17

nanowires,7,18 nanoflakes,19 carbon nanotubes,10−12 and
graphene.20 A number of low-cost, scalable printing, or
solution-processed methods have been developed recently to
deposit and pattern the nanomaterials.21 The key to this
strategy is in maintaining the conductive percolation pathways
when the substrate or matrix is stretched. Several approaches,
such as using ultralong nanowires and hybrids of different
types of nanomaterials,22,23 were exploited to enhance and
maintain the conductivity. Despite the exciting progress, the

conductivity of such composites typically drops with increasing
strain applied to the substrate/matrix. On the other hand, the
structural design strategy can significantly reduce the effective
strain on the conductors, leading to nearly constant
conductivity irrespective of the applied strain.24 However, so
far this strategy has been mainly applied to the deposited thin
films, relying on costly microfabrication processes (e.g.,
vacuum deposition and photolithography). It would be
interesting to exploit the structural design strategy for the
nanocomposites.
A number of mechanically guided structural designs have

been reported, such as wrinkles, buckling-driven delamination,
serpentines, 2D spirals, 3D helices, and kirigami.15,24−28 When
a bilayer structure consisting of a stiff thin film and a soft
substrate is compressed, there are two typical modes of
buckling instability, wrinkling and buckling-driven delamina-
tion, corresponding to strong and weak interfacial bonding.29

The stretchability offered by wrinkling is relatively small
(<20%).24 Recently, buckle-delamination has gained growing
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interest. By creating selective bonding sites between the film
and the substrate, periodic delamination patterns have been
formed for stretchable electronics, where the peak strain in the
film can be two orders of magnitude smaller than the applied
strain.27,30 Another type of buckle-delamination, spontaneous
buckle-delamination, has been recently reported.31,32 Com-
pared to the constrained buckle-delamination, the spontaneous
buckle-delamination is simple and does not require the
complex procedure of defining the adhesion site litho-
graphically.
Here, for the first time, we report exploiting the spontaneous

buckle-delamination for nanocomposite-based stretchable
conductors. The stretchable conductor was fabricated by
bonding a silver nanowire/poly(dimethylsiloxane) (AgNW/
PDMS) composite film onto a prestrained Eco-flex substrate.
After releasing the prestrain, the spontaneous delamination was
generated. The mechanical model was developed to predict the
geometrical evolution, which agreed well with the experimental
observation. The electric performance was tested with cycle
loading. Finally, an integrated AgNW/elastomer module and a
stretchable thermochromic device were demonstrated to
illustrate the utility of the stretchable conductor.

■ RESULTS AND DISCUSSION
Figure 1a illustrates the fabrication processes of the stretchable
conductor. First, AgNW solution was drop cast onto a
sacrificial substrate. After the solvent was evaporated,
AgNWs were randomly distributed to form a percolation
network. A thin layer of poly(dimethylsiloxane) (PDMS) was
spin-coated on top of the AgNW network and cured at room
temperature. After curing, AgNWs were embedded just below
the surface of PDMS (Figure 1b). Then, the AgNW/PDMS
composite film was peeled off from the sacrificial substrate and
attached to a prestretched Eco-flex ribbon by van der Waals
forces. Finally, releasing the prestrain on the Eco-flex substrate
rendered the AgNW/PDMS composite film partially delami-
nated from the substrate in a periodic wavy form. In addition
to stretching, the AgNW/PDMS/Eco-flex structure was stable
under bending and twisting (Figure 1d).
The instability of a thin film bonded to a substrate under

compression has been well studied.29 As the compressive strain
increases beyond a critical value, the thin film starts to wrinkle,

showing a sinusoidal shape, which evolves to localized
buckling-driven delamination under increasing compres-
sion.13,33,34 As illustrated in Figure 1a, a uniaxial tensile
prestrain εpre on the Eco-flex substrate was applied. Then, a
stress-free AgNW/PDMS composite film with length L0 (1 +
εpre) was attached onto the Eco-flex substrate. When the
prestrain was released, the substrate underwent a compressive
strain εapply increasing from 0 to −1/(1 + εpre). As the
compressive strain gradually increased, a 1-D periodic buckle-
delamination structure was generated, as shown in Figure 1c.
Figure 2a shows the top-view and side-view optical images of

the buckle-delamination process when a 100% prestrain

(equivalent compressive strain εapply of −50%) was released
gradually. Periodic delamination of the AgNW/PDMS film
occurred sequentially. The delaminated buckles or blisters
popped up one by one with the increasing compressive
strain.35 From the experiment, we can observe that the location
of each blister and the sequence of blister popping up are
random and not repeatable, under repeated stretching and

Figure 1. (a) Schematic illustrations of the fabrication process of the buckle-delamination-enabled stretchable conductor. (b) Schematic cross-
sectional view of the stretchable conductor showing the AgNWs just below the PDMS surface (not to scale). Note that the AgNW/PDMS
composite layer is much thinner than the pure PDMS layer. (c) Photographs of the stretchable conductor stretched from 0 to 100% in the
longitudinal direction and the SEM image showing the top surface of the conductor. (d) Photographs of the stretchable AgNW conductor bended
and twisted.

Figure 2. (a) Photographs of the stretchable AgNW conductor under
compressive strain (0−50%) from both top view and side view. (b)
Photographs tracing the first delaminated blister from 0% strain to
−50% strain.
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releasing of the substrate. This phenomenon could be due to
the imperfection of the interface between the AgNW/PDMS
composite film and the Eco-flex substrate. Though the blisters
occur at random locations, the final configuration tends to be
the same, with the almost uniformly distributed periodic
structure in terms of both amplitude and wavelength. In Figure
2a, we can see that the gaps between the blisters show a very
interesting self-adjusting behavior: the 2nd and 3rd blisters
tend to come closer and the 6th blister moves left to give way
to the growing 7th blister. Figure 2b shows the side view of
buckle-delamination evolution of a typical blister under the
increasing compressive strain. It can be seen that the blister
amplitude keeps increasing, while the wavelength increases first
then decreases under further compression. Such a self-
adjusting behavior is effective in mitigating the local strain
concentration, which contributes to achieving larger stretch-
ability. Note that the initial position of each delaminated
buckle could vary if we stretch the substrate to the prestrain
and release it again. But with self-adjusting, the final
configurations are close. Moreover, the resistance vs. the
applied strain (e.g., Figure 4a) exhibits nearly the same
behavior. Therefore, for the purpose of a stretchable
conductor, the spontaneous buckle-delamination with self-
adjusting is a reliable process.
Figure 3a shows that the evolution of blisters includes three

stages, in terms of wavelength δ and amplitude h, with respect

to the compressive strain. We assume that the film is
inextensible and the membrane strain is negligible during
deformation. The thickness of the Eco-flex substrate was over
100 times larger than that of the composite film. In our work,
the thickness of Eco-flex showed no effect on the buckling
behavior. Therefore, Eco-flex was considered infinitely thick in
the analysis.
Stage I: when the compressive strain is beyond the critical

wrinkle strain εcw = −(3E̅s/E̅f))
2/3/4, where E̅f and E̅s are the

effective Young’s modulus calculated by Ef/(1 + vf
2) and Es/(1

+ vs
2) with Ef, vf, Es, vs being Young’s modulus and Poisson’s

ratio of the AgNW/PDMS composite film and Eco-flex
substrate. The critical wrinkle strain εcw is typically very
small, predicted to be −2.1% in our case, which was not
observed in our experiment. With the increasing compression,
the wrinkle amplitude grows, thus delamination may occur as a
result of increasing normal and shear forces at the interface. At
the critical delamination strain εcd, the first blister delaminates
from the substrate overcoming the interfacial fracture tough-
ness. The relationship between and is given as εcd = εcw − (3 −
4vs)

2(σmax/Es)
2/[16(1 − vs)

4], where σmax is the maximum

stress between the AgNW/PDMS composite film and Eco-flex
(interfacial strength).29,36 In our experiment, the onset of
delamination was observed to occur at −4.3%, which agrees
reasonably well with theoretical prediction εcd = −4.1%.
Stage II starts with the first blister popping up and

delaminating from the substrate. The evolution of blisters
still follows the shape of a sinusoidal function that can be
described by
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where δ and h are the wavelength and amplitude of the blister,
respectively. Using an energy-based mechanical model
developed by Zhang and Yin,32 the solutions of δ and h in
this stage are given as
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where t is the thickness of the upper film, E̅f is the effective
Young’s modulus defined by Ef/(1 + vf

2) with Ef and vf Young’s
modulus and Poisson’s ratio of the AgNW/PDMS composite
film, is the compressive strain, and Γ is the interfacial
toughness that can be measured (e.g., by the peel test).37

Note that considering the AgNW/PDMS composite layer is
much thinner than the pure PDMS layer (thickness ratio of
3:100), Young’s modulus and Poisson’s ratio of PDMS were
used for the AgNW/PDMS composite film.
In Figure 3a, we can observe a drop in the wavelength of the

blister after ∼−20% compressive strain in the experiment,
which conflicts with the wavelength evolution predicted by eq
2. This is due to the limitation of the sinusoidal assumption in
the model. This indicates the emergence of a new stage (stage
III) and a new model would be needed.
In stage III, the number of the periodic blisters remains

unchanged as observed from the experiment, while the
wavelength of the blisters starts to decrease with increasing
strain. The wavelength of the blister was found to linearly
decrease with the increasing applied strain, as given by

(1 )/(1 )max apply Tδ δ ε ε= − − (3)

where δmax is the maximum wavelength of the blister when the
applied strain reaches εT, which is the transition strain between
stage II and stage III. In this experiment, the transition strain
was found to be around −20%.
Since the delamination stops growing during stage III, the

blisters are under pure bending with both ends of each blister
fixed. Thus, it becomes an elastica problem.38 The blister
wavelength and amplitude are given by32

l

m
ooooooo

n

ooooooo

s s E am s

h s cn s

( )
2

( , sin( /2)), sin( /2)

( )
2sin( /2)

1 ( )

δ
α

α θ θ

θ
α

α

= − + [ ̅ ̅ ]

= ̅ [ − ]
(4)

where θ(s) is defined as the rotation field along the curvilinear
coordinate s ∈ (−l/2, l/2) and θ̅ = θ(−l/4) is the rotation
angle at 1/4 length of a blister length, E(,) is the incomplete
elliptic integrals of the second kind, am and cn are the Jacobi

Figure 3. (a) Theoretical and experimental results of wavelength and
amplitude of blisters under compressive strain from 0 to −50%. (b)
Comparison between the theoretical profiles and experimental
photographs of the cross-section view of blisters under −10% strain
and −50% strain.
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amplitude and the Jacobi cosine amplitude functions,
respectively. α is a dimensionless parameter determined by
the angle of rotation.36

Figure 3a shows the comparison between theoretical
predictions and experimental measurements of both h and δ.
The experimental results start when the pop-up of the first
blister was observed. The theoretical h and δ are derived from
eq 2 in stage II and eq 4 in stage III, respectively. For both
stages II and III, the experimental and theoretical results agree
well. Figure 3b shows the comparison between the experiment
and theory on the cross-sectional profiles when the applied
strain was −10% (stage II with sinusoidal function) and −50%
(stage III with elastica function), where the predicted profiles
are overlaid on top of the images. After releasing the prestrain,
the as-fabricated stretchable conductor has an average
wavelength of 3.772 mm and an amplitude of 2.457 mm,
which agrees well with theoretical predictions.
The buckle-delaminated AgNW/PDMS composite film can

be used as a stretchable conductor. Figure 4a shows the relative

resistance change of the film with respect to the applied tensile
strain. It can be seen that the relative resistance decreased
slightly with the increasing tensile strain (∼3% decrease in
resistance corresponding to 100% tensile strain), and that the
resistance change was totally reversible according to the
loading and unloading responses. In general, buckle-delamina-
tion significantly reduces the strain in the buckled film, but

there is a still small compressive strain in the film. The
delaminated buckles are in the form of sinewave (stage II) or
elastica (stage III), which can be approximated as bending with
some parts (e.g., peaks) in tension and some parts (e.g.,
valleys) in compression. Their effect on the resistance change
can be largely canceled out. In addition to the bending strain, a
compressive membrane strain exists across the entire film.39

The compressive strain, even small, can alter the AgNW
percolation network, leading to an increase in the resistance.
When stretching the buckle-delaminated AgNW/PDMS
composite film, the (small) compressive strain is released all
of the way to zero, which is responsible for the slight resistance
decrease as observed. Figure 4c shows the resistance change of
the film under 400 cycles of loading and unloading at 1 Hz
frequency and 100% strain. It can be seen that the resistance
change is totally reversible.
An ideal stretchable conductor should maintain constant

conductance irrespective of the applied strain, which is
however very challenging. A large variety of nanomaterials
have been explored as stretchable conductors such as carbon
nanotubes (CNTs),6,11,40−44 graphene,45−47 silver/gold nano-
particles,17,48−51 and metal nanowires.7,22,52−54 However, they
all showed a trade-off between stretchability and quality factor
(Q, the percent strain divided by the percent resistance
change).10 Figure 4b plots the quality factor with respect to the
stretchability of the representative nanomaterial-enabled
stretchable conductors. For example, a Ag−Au nanowire-
based stretchable conductor reported by Kim et al. can be
stretched to 840%, but the quality factor is less than 1.54 A
silver nanowire integrated with textile structure has been
reported with a quality factor of around 5.45, while the strain
range is less than 30%.52 In this work, the quality factor
reached 33.3 with the strain range of 100%. Of note is that, for
almost all of the reported stretchable conductors, the resistance
increases with the increasing tensile strain. By contrast, in our
case, the resistance slightly decreases, which could be
potentially conducive for certain applications. Under further
stretching, the AgNW/PDMS composite film will be under
tensile strain and the resistance will increase quickly and jump
to infinity at approximately 110% strain. Hence, the effective
stretchable range of our buckle-delaminated AgNW/PDMS
film is 100% tensile strain.
For wearable sensors, a major challenge is the interconnec-

tion between the sensing units and front-end electronics (e.g.,
data acquisition and transmission modules). Since our
stretchable conductor maintained nearly constant conductance
under large strain, we developed an integrated sensor/
conductor module, as shown in Figure 5a. First, two ribbons
of the AgNW/PDMS composite film were prepared using the
same fabrication method reported earlier in this paper. One

Figure 4. (a) Resistance change of the conductor under 100%
stretching (loading and unloading) with respect to applied stretching
strain. (b) Comparison of this work to recent works in stretchable
conductors.7,17,41,43,44,47,50−54 (c) Resistance change of the conductor
under 1 Hz, 100% strain cycle loading.

Figure 5. (a) Schematic illustration and photograph of the integrated sensor-conductor module. (b) Capacitance changes of the integrated sensor-
conductor module attached on a thumb that bends and presses.
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end of each ribbon extended to a square-shaped pad that
overlapped with each other, while the other ends were placed
side by side. Then, the Eco-flex substrate was partially
prestretched (including both prestretch and nonstretch parts)
before the AgNW/PDMS composite ribbons were transferred
on top. Then, the prestretched part of the substrate was
released, resulting in uniformly distributed buckle-delamina-
tion structure of the AgNW/PDMS composite ribbons. The
AgNW/PDMS composite ribbons on the nonstretched part
were attached to the substrate to complete a parallel capacitor
(a capacitive pressure sensor). The capacitive sensor can detect
the strain (up to ∼50%), pressure (up to ∼1.2 MPa) with fast
response time (∼40 ms).55 As shown in Figure 5b, the
integrated sensor/conductor module was attached to the back
and pulp of a thumb, with one end connected to a PCB (on
the back of the thumb) and the other end (the capacitive
sensor) wrapped over to the thumb pulp. In the first three
seconds, the thumb bent and recovered in the air with constant
capacitance, which indicates that deformation of the
stretchable conductors did not interfere with the capacitance
measurement. Subsequently, the thumb pressed on a rigid
object three times with increasing pressure, and an increasing
change of capacitance was observed.
AgNW-based stretchable heaters have been reported

recently,56−58 which can be used in a variety of applications
such as thermal treatment, bimorph actuator, and thermo-
chromic devices.52,57,59 Here, we report a reversible color-
changing stretchable conductor that can switch between two
colors at a very low voltage. The conductor was a sandwiched
structure containing three layers, as illustrated in Figure 6a.
The top layer, the thermochromic layer, was prepared by
mixing red chromic powder and yellow acrylic paint together
with the PDMS precursor and then cured in an oven. The
middle layer and bottom layer were prepared together using
the same drop-casting and peeling off methods, as described in
the fabrication of the AgNW/PDMS composite film. The two
ends of the multilayer stripe were fixed and connected to a
copper wire by silver epoxy. As shown in Figure 6b, when
applied with the DC power supply, the temperature on the
stretchable conductor rose quickly due to the Joule heating
effect of the AgNWs. The thermochromic powder is originally
red at room temperature (23 °C) and turns transparent at a
temperature over 35 °C. As shown in Figure 6c, the initial
color of the conductor was a mixture of red and yellow, i.e.,
orange, at room temperature. With the Joule heating, the

temperature rose to 64.8 ± 0.7 °C (Figure S3). The red
thermochromic powder inside gradually faded away and the
remaining yellow acrylic paint was revealed. The response time
of the thermochromic pigment is within 2 s. Multiple
stretching and releasing cycles (up to 100% strain) did not
affect the heating temperature because the buckle-delamination
structure provided the excellent stretchability. The color-
changing performance of the thermochromic heater remained
stable and consistent after 100 cycles (Figure S1). Finally,
when the power was turned off, temperature on the composite
film dropped back to room temperature and the thermochro-
mic layer appeared orange again. This stretchable thermo-
chromic conductor can be applied to wearable thermal therapy
devices for warning of over heat.

■ CONCLUSIONS

A novel stretchable AgNW conductor was reported in this
paper, where a highly conductive AgNW/PDMS composite
film served as the conducting material, while the buckle-
delamination structure-enabled excellent stretchability (dem-
onstrated up to 100%). Due to the spontaneous out-of-plane
deformation as a result of the buckle-delamination, the local
strain in the AgNW/PDMS composite layer was significantly
reduced. The spontaneous buckle-delamination was found to
pop-up at random locations but exhibited an interesting self-
adjusting behavior, leading to a uniform distribution of the
blisters. As a result, the resistance change of our stretchable
conductor was within 3% under a stretching to 100%.
Geometry evolution of the delaminated buckles was captured
in real time, which agreed well with the theoretical analysis.
The potential applications of this stretchable conductor were
demonstrated with an integrated sensor/conductor module
and a color-changing thermochromic device. The fabrication
process for the reported stretchable conductor is simple and
scalable. Overall, this work highlights the important relevance
of the mechanics-based design in the nanomaterial-enabled
stretchable devices.

■ METHODS
Materials. PVP (MW ∼ 40 000), CuCl2 (CuCl2·2H2O,

>99.999%), and AgNO3 (>99%) were bought from Sigma-Aldrich,
Co. PDMS (SYLGARD 184) was bought from DOW Inc. Eco-flex
(00−30) was bought from Smooth-On, Inc. Silver epoxy was bought
from MG Chemicals Co. The thermochromic pigment was bought
from Knock Out Chemicals Inc.

Figure 6. (a) Schematic view on the cross section of the stretchable thermochromic conductor. (b) Temperature change of the stretchable
thermochromic conductor when powered with 2 V voltage and then turn off the power. (c) Photographs of the stretchable thermochromic
conductor changing color: First heat up the stretchable conductor with 2 V direct current resulting in a temperature rise from 23 to ∼65 °C, stretch
the conductor to 100% strain and release, finally turn off the power and cool down to original room temperature.
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Fabrication of Stretchable AgNW Conductors. For a typical
synthesis, a modified polyol process was used. First, 60 mL of a 0.147
M PVP (MW ∼ 40 000, Sigma-Aldrich) solution in EG (was added to
a round-bottom flask to which a stir bar was added; the vial was then
suspended in an oil bath (temperature 151.5 °C) and heated for 1 h
under magnetic stirring (150 rpm). Then, at 1 h, 200 μL of a 24 M
CuCl2 (CuCl2·2H2O, >99.999%, Sigma-Aldrich) solution in EG was
injected into the PVP solution. The solution was then heated for an
additional 15 min, followed by injecting 60 mL of a 0.094 M AgNO3
(>99%, Sigma-Aldrich) solution in EG. AgNWs in ethanol solution
with an average diameter of 90 nm and length of 20−30 μm were
shaken for 5 min before use to disperse the nanowires in the solution.
The AgNW solution was drop-casted on the plasma-treated tattoo
paper; at the same time, the solution was heated by a hot plate at 50
°C to evaporate the solvent. After the evaporation of ethanol, the
patterned AgNWs were thermally annealed at 150 °C for 20 min.
Then, liquid PDMS (SYLGARD 184) with a weight ratio of 10:1 was
spin-coated onto the AgNW film, degassed, and subsequently
thermally cured at 100 °C for 1 h. For the substrate, we used Eco-
flex 00−30 (Smooth-on) with a weight ratio of 1:1. The substrate was
naturally cured in room temperature for 24 h and cut into the desired
shape. Then, the AgNW/PDMS composite film was transfer-printed
onto a prestretched Eco-flex substrate by washing off the tattoo paper
with water. Finally, simply releasing the prestrain on the substrate
gives the upper film a sinusoidal shaped buckle-delamination
structure. Cu wires were attached to the two ends of the conductor
by silver epoxy (MG Chemicals) for connection to the power source.
Fabrication of Stretchable Thermochromic Conductors. To

add a layer of the temperature-sensitive color-changing layer, we first
spin coat a layer of liquid PDMS (SYLGARD 184) with
thermochromic powder mixed inside onto the tattoo paper. To
increase contrast during color changing, we also added some yellow
acrylic paint together with red thermochromic powder forming an
orange color as the initial state. The thermal chromic powder is red in
room temperature (23 °C) and becomes transparent when the
temperature rises to ∼35 °C. Then, the AgNW/PDMS composite
film was fabricated on top of the thermochromic PDMS layer. The
rest of the fabrication procedures is exactly the same as discussed in
the fabrication of the AgNW conductor.
Measurements. The resistance change of the stretchable

conductor was measured by a digital multimeter (34401A Agilent)
with errors of 0.0035% DC and 0.06% AC. The capacitance of the
sensor/conductor module was measured by a capacitance reader
(FDC1004 Texas Instrument) with an error of ±6 fF. A temperature
change of the stretchable thermochromic heater was measured with
an infrared camera (A655SC FLIR) with an error of ±2 °C or ±2% of
reading.
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