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A
ccording to the increasing demand
for wearable and bioimplantable
applications, various devices are re-

quired to be flexible and stretchable for
conforming to noncoplanar surfaces, in-
cluding the human body.1 Stretchable elec-
tronics are designed to operate with no
mechanical or electrical degradation under
various strain conditions: twisting, bending,
folding, and stretching.2 Thus, they have
potential applications as portable, wear-
able, and bioimplantable devices.
Until now, there has been extensive re-

search on stretchable electronic devices so
that various types of devices have been
developed, such as light-emitting diodes
(LEDs),3 display panels,4 radio frequency
(RF) electronics,5 strain andpressure sensors,6

transistors,7 and epidermal electronics.8

Furthermore, these active devices should
be integrated with energy storage devices
to organize independent, self-powered sys-
tems; otherwise, they will require power to
be supplied from an external source with
wire connections.
Among energy storage devices, super-

capacitors exhibit many advantages, includ-
ing rapid charge/discharge rates, high
power density, long cycle life, relatively
simple design, and safety.9�11 There are
two types of supercapacitors, depending
on the charging principles: electrical double
layer capacitor (EDLC) and redox super-
capacitor.12,13 An EDLC can be easily as-
sembled into an all-solid-state power
source, which is sufficiently light and flex-
ible to be applied in portable devices.14

Carbon basedmaterials, including activated

* Address correspondence to
jeongsha@korea.ac.kr.

Received for review September 2, 2014
and accepted October 27, 2014.

Published online
10.1021/nn504925s

ABSTRACT We report on the fabrication of a biaxially stretchable array of high performance

microsupercapacitors (MSCs) on a deformable substrate. The deformable substrate is designed to

suppress local strain applied to active devices by locally implanting pieces of stiff polyethylene

terephthalate (PET) films within the soft elastomer of Ecoflex. A strain suppressed region is formed

on the top surface of the deformable substrate, below which PET films are implanted. Active

devices placed within this region can be isolated from the strain. Analysis of strain distribution by

finite element method confirms that the maximum strain applied to MSC in the strain suppressed

region is smaller than 0.02%, while that on the Ecoflex film is larger than 250% under both

uniaxial strain of 70% and biaxial strain of 50%. The all-solid-state planar MSCs, fabricated with

layer-by-layer deposited multiwalled carbon nanotube electrodes and patterned ionogel electrolyte of poly(ethylene glycol) diacrylate and 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide having high-potential windows, are dry-transferred onto the deformable substrate and electrically

connected in series and parallel via embedded liquid metal interconnection and Ag nanowire contacts. Liquid metal interconnection, formed by injecting

liquid metal into the microchannel embedded within the substrate, can endure severe strains and requires no additional encapsulation process. This formed

MSC array exhibits high energy and power density of 25 mWh/cm3 and 32 W/cm3, and stable electrochemical performance up to 100% uniaxial and 50%

biaxial stretching. The high output voltage of the MSC array is used to light micro-light-emitting diode (μ-LED) arrays, even under strain conditions. This

work demonstrates the potential application of our stretchable MSC arrays to wearable and bioimplantable electronics with a self-powered system.

KEYWORDS: biaxially stretchable . all-solid-state microsupercapacitor array . patternable ionogel electrolyte .
high power and energy density . liquid metal interconnection
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carbon, carbon nanotube (CNT), and graphene, are
primarily used as electrodes for EDLC due to their high
electrical conductivity, large specific surface area, and
chemical stability.15,16

In accordance with the development of stretchable
electronics applied to wearable or body-implanted
devices, there have been enormous efforts toward
the fabrication of supercapacitors in stretchable form.
Two strategies have been adopted to fabricate stretch-
able supercapacitors: (1) designing novel device struc-
tures and (2) utilizing the elastic property of the
material.17 Supercapacitors using rigid (carbon and
metal based) materials with buckled structures,18,19

serpentine interconnections,20 and textiles21 used the
novel design concept. Energy devices based on a
stretchable matrix with conductive polymer are in-
cluded in the strategy of utilizing the material pro-
perties.22 In a conventionally configured supercapaci-
tor (two electrodes, separator, and liquid electrolyte),
the electrolyte may leak and there may be relative
displacement among the configuration components,
which decreases device performance during stretch-
ing.23,24 Supercapacitor with a buckled structure is
difficult to integrate into circuitry. However, all-solid-
state planar type supercapacitors can solve above-
mentioned problems and are suitable for integration
into stretchable electronic circuits. Additionally, they
can be fabricated sufficiently thinly to not require a
separator and to reduce the ion travel path.25,26

In our previous work, all-solid-state microsuperca-
pacitors (MSCs) were integrated with serpentine inter-
connections to be a stretchable supercapacitor array.20

In this case, however, the process is complicated, and
the interconnection is vulnerable to external impact. In
addition, repetitive stretching cycles degrade the per-
formance of the MSC array due to the surface covered
ion-gel electrolyte, restricting the pop-up of the ser-
pentine interconnections.
In this study, we report on the fabrication of a high-

performance biaxially stretchable all-solid-state MSC
array. The all-solid-stateMSC is composed of a layer-by-
layer (LbL) assembled thin film of MWNTs on Au
electrodes and a patterned ionogel electrolyte that
exhibits a broadoperation voltagewindow, resulting in
both high energy and power density, and stability
under repeated deformation.
To achieve superior stretchability, we adopted a

novel structure for the deformable substrate and used
its intrinsic properties of interconnection instead of
making the MSC stretchable. Within the soft elastomer
(Ecoflex) substrate, the relatively stiffer material of
polyethylene terephthalate (PET) film was locally im-
planted. On the top surface of the substrate below
which the PET film is implanted, a strain suppressed
zone is formed. By placing the MSCs in the zone, the
devices can be isolated from the strains. The em-
beddedmicrochannels are filled with liquidmetal alloy

to form electrical interconnections between the indi-
vidual MSCs. This liquid metal interconnection can
endure severe strainswithout additional encapsulation
processes. Despite these many advantages of liquid
metal interconnection, technical improvement in fab-
ricating interconnection with liquid metal may be
needed for its broader application as practical technol-
ogy comparable to the serpentine interconnections.20

Recently reported works suggest various new ways of
liquid metal patterning.27�31

Such formed MSC array exhibited high performance
without degradation at up to 100% uniaxial and 50%
biaxial stretching. By creating the integrated circuit of
MSCs, the output voltage and capacitance were con-
trolled as required. The high output voltage of MSC
array was used to light μ-LED arrays under strain.
Compared to our recent work,32 this work suggests a

novel stretchable MSC array expected to be applied in
the wider range of future wearable and bioimplanted
devices owing to its smaller thickness and flat surface.
The local strain applied to the MSC region can bemore
efficiently suppressed by strain minimizing design
with stiff PET film locally implanted in the soft Ecoflex
substrate so that the stretchability is greatly increased
both in uniaxial and biaxial directions. Besides, the
fabrication process ismuch simplifieddue to the planar
arrangement of liquid metal interconnections. The
performance of MSC, in terms of output voltage, en-
ergy density and power density, is highly improved
while enhanced stability is achieved. The use of pat-
terned solid film of electrolyte also makes the facile
integration of the MSC onto the deformable substrate.
The results of this work demonstrate the potential

application of our biaxially stretchable MSC arrays
for wearable and bioimplantable devices with self-
powered systems.

RESULTS AND DISCUSSION

Figure 1 demonstrates the primary design concept
for a stretchable MSC array on a deformable substrate.
To fabricate the stretchable MSC array, we adopted
four strategies in terms of structure, material, and
process, as discussed in the following.
(1) Soft elastomer substrate with implanted PET

films: To minimize the local strain applied to the active
devices, we adopted a deformable substrate composed
of a soft elastomer substrate, Ecoflex (modulus: 69 kPa),33

with implanted PET films. On the local area of the
substrate below which the stiffer PET (modulus:
2.0�2.7 GPa)34 films are implanted, a strain suppressed
region is formed. TheMSCs attached on this region can
be isolated from the strains even if the whole device is
under severe strain conditions. In addition, the adhe-
sion between the active devices and the top surface
of the deformable substrate can be enhanced by
such implanted PET films, resulting in the enhanced
strength over repeated deformation.
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(2) Embedded liquid metal interconnection: Liquid
metal Galinstan shows high electrical conductivity of
3.46� 106 S/m and forms a stablemicrostructure in the
microchannel, which is used as an electrical intercon-
nection between the individual MSCs.35,36 The liquid
metal interconnection is formed by using a micro-
syringe to simply inject liquid metal alloy into the
microchannel embedded within the substrate. This
interconnection is safe from external impact with no
additional encapsulation process and can endure a
highly stretched state. The liquid metal interconnec-
tion and Au pad of the MSC are electrically connected
by Ag nanowire (NW) contact. Ag NW percolation can
electrically connect MSC with the liquid metal and
provide a stable sealing of embedded liquid metal.
To prove the stability of liquid metal interconnection,
an electrical measurement was conducted through
such electrical connections with repetitive uniaxial
strain of 70% as shown in Figure S1. Schematic dia-
gram of deformable substrate with liquid metal inter-
connection and Ag NW contact is shown in Figure S1a.
No noticeable change in the electrical performance
was exhibited under 10 000 times of mechanical cycles
for 11 h as shown in Figure S1b. By using embedded
liquid metal interconnection, the fill factor can be
increased significantly compared to that obtained
by using suspended serpentine interconnection in

our previous work.20 The suspended serpentine
interconnection requires the considerably large
spacing between the active devices for relieving the
strain.
(3) High performance all-solid-state MSC: The fabri-

cated all-solid-state MSC is composed of interdigitated
MWNT/Au electrodes fabricated by using layer-by-
layer deposition of MWNTs and patterned ionogel
electrolyte with higher potential window (from �1.5
toþ1.5 V) than conventionally used electrolyte of PVA/
H3PO4 (from 0 to 0.8 V); thus, the MSC shows repro-
ducible and high performance under ambient condi-
tions. The interspace between interdigitated elec-
trodes is patterned at 150 μm.
(4) Dry-transferred MSC: The MSCs are fabricated on

the PET substrate attached on the polydimethylsilox-
ane (PDMS) coated Si/SiO2 and dry-transferred to the
deformable substrate. The processes for the fabrication
of substrate and devices can be conducted indepen-
dently so that different types of devices can be applied
to the substrate and the design of the substrate is
variable.
The whole fabrication process consists of three

steps: fabrication of stretchable substrate, fabrication
of all-solid-state MSCs, and integration of the MSCs on
the stretchable substrate. The deformable substrate
with multilayered structure was fabricated by molding

Figure 1. Primary design concept of biaxially stretchable MSC array on a deformable substrate. (a) Structure of the
deformable substrate, composed of Ecoflex with implanted PET films and embedded microchannel for liquid metal
interconnection. (b) Cross-sectional image of liquid metal interconnection embedded within the substrate and sealed with
Ag NW contact. (c) Optical image (top) and cross-sectional scheme (bottom) of the high-performance all-solid-state MSCwith
ionogel electrolyte. (d) MSC array attached on the deformable substrate via dry-transfer method.
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several elastomer layers and assembling them to-
gether, as shown in Figure 2a.
A mixture of Ecoflex prepolymer and curing agent

(Ecoflex 0030, Smooth-On) was preparedwith aweight
mixing ratio of 1:1. Themixturewas poured into themold
with thin wires protruding from the flat bottom surface.
The Ecoflexmixture in themoldwas annealed in an oven
at 65 �C for 30 min. Next, the cured top Ecoflex layer was
detached from the mold, and open microchannels were
shown on the underside of the layer (layer 2).
The middle layer of Ecoflex, 0.3 mm thick, was made

by molding (layer 1a). Above layer 1a, nine pieces of

square PET films (11 mm � 11 mm � 0.1 mm) were
attached by using a small amount of uncured Ecoflex.
The four corners of square PET films were cut off to
avoid high strains around the sharp corners. The
adjacent PET films were 4 mm apart. Uncured Ecoflex
was poured onto this layer to make a 0.5 mm-thick
bottom Ecoflex layer (layer 1b). Consequently, the PET
films were embedded within the 0.8 mm-thick Ecoflex
layer. The resulting layer was inverted. Next, on the
surface, thin Ecoflex layer was spin-coated at 2000 rpm
for 50 s and cured at 60 �C for 1 min to be used as a
bonding layer between layers 1a and 2. The whole

Figure 2. Schematic illustration of the fabrication process for the stretchable MSC array on a deformable substrate.
Fabrication of (a) the deformable substrate and (b) high-performanceMSCwith patterned ionogel electrolyte. (c) Integration
of the fabricatedMSCs on the deformable substrate via liquidmetal injection, dry-transfer process, and formationof electrical
contact with Ag NWs.
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assembled substrate was cured completely in the
oven.
The fabrication process of the all-solid-state MSC is

demonstrated in Figure 2b. Patterned Ti/Au electrodes
were prepared on the PET substrate by photolithogra-
phy and e-beam evaporation. The functionalized
MWNT film was deposited on the Ti/Au electrode via

LbL assembly: The Ti/Au electrodes were alternately
dipped into MWNT-COOH and MWNT-NH2 dispersion
solutions for 10 min each and rinsed thoroughly with
deionized (DI) water. This cycle was repeated 10 times
to get 10 bilayer MWNT thin films. The thickness of LbL
deposited MWNT film was controlled by adjusting the
number of LbL cycles, resulting in the reproducible
performance of multiple MSCs. A scanning electron
microscopy (SEM) image of the fabricated MSC elec-
trode is shown in Supporting Information Figure S2.
This figure shows the percolated MWNTs (Supporting
Information Figure S2a); the thickness of the MWNT
film is estimated to be 250 nm according to the cross-
sectional image (Supporting Information Figure S2b).
Ionogel electrolyte, composed of poly(ethylene

glycol) diacrylate and 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (PEGDA/[EMIM][TFSI]),

was drop-cast onto the MWNT/Au electrodes and
ultraviolet (UV) light was irradiated through a shadow
mask. The unexposed part of the ionogel was removed
by dipping it in chloroform for 5 s, gently rinsing with DI
water, andblowingwithN2 gas. A viaholewith diameter
of 2 mm was punched on the Au pad of the fabricated
MSC to connect the liquid metal interconnection with
the MSC. Eight differently fabricated MSCs exhibited
capacitance variation within 8%, which indicates that
the individual MSCs were fabricated with almost the
sameperformance (Supporting Information Figure S2c).
In Figure 2c, the liquid metal Galinstan was injected

into the embedded microchannel of the previously
fabricated elastomeric substrate with implanted PET
films. Eight MSCs were dry-transferred onto the sub-
strate. For the electrical connection betweenMSCs and
interconnections, Ag NW contact was made by repeat-
edly dropping and drying the Ag NW dispersion solu-
tion. Next, a small amount of PDMS was pasted onto
the Ag NW contact for further protection.
The electrochemical performances of the single MSC

and theMSC arraywith LbL depositedMWNT and ionogel
electrolyte were compared. In this case, the MSC array
consists of a pair of parallel connected MSC arrays of four

Figure 3. Electrochemical performance of singleMSC (black) andMSC array (red)with LbL depositedMWNTelectrodes in ion-
gel electrolyte. (a) CV measurements at scan rate of 1 V/s. (b) Galvanostatic charge/discharge curves at current of 13.2 μA. (c)
Capacity retention of singleMSC andMSC arraywith 10 000 charge/discharge cycles at a current of 30 μA. The inset shows the
charge/discharge curves observed at the repetition between 9990 and 10 000. (d) Nyquist impedance plot of single MSC and
MSC array at frequency ranging from 500 kHz to 0.1 Hz. ESR values are 66 and 133Ω for singleMSC andMSC array, respectively.
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serially connectedMSCs, 2Pþ 4S, as shown in Supporting
Information Figure S3. Fill factor is defined by the relation,
fill factor=activeareaofMSC/total area includingMSCand
the interconnections. In our previous work on stretchable
MSCs using serpentine interconnections,20 the active area
of MSC and the total area were 0.0172 and 0.126 cm2,
respectively. Thus, thefill factorwasestimated tobe13.6%.
In thiswork, theactiveareaofMSC is 0.66 cm2and the total
area is 1.87 cm2, estimating the fill factor to be 35.3%. By
adopting the embedded interconnection, the fill factor
can be increased more than double.
Cyclic voltammetry (CV) curves taken from a single

MSC and anMSC array at a scan rate of 1 V/s are shown
in Figure 3a. The voltage windows for the single MSC
and the MSC array connected in 2P þ 4S range from
�1.5 to 1.5 V and�6 to 6 V, respectively. The CV curves
formed rectangular shapes, which implies fast ion
diffusion and efficient electrical double layer (EDL)
formation for ideal capacitive behavior.37�39 The total
capacitance can be calculated from the area of the CV
curves by using the following eq 1:

CT ¼

Z
I dV

ΔV 3 S
(1)

where I,ΔV, and S are the discharge current, operation
voltage window, and scan rate, respectively.39 On the
basis of this equation, the calculated total capacitance
values for single MSC and MSC array are 54.5 and
27.3 μF. When the MSCs are connected with four series
and two parallel, the voltage window shows a quad-
ruple increase, and the total capacitance of the MSC
array should be half the total capacitance of a single
MSC. Thus, the calculated capacitance corresponds to
the expected value, which indicates that the eightMSCs
were successfully integrated into a circuit through
the liquid metal interconnections and Ag NW contacts.
The volumetric capacitance values are estimated to be
13.2 F/cm3 and 0.826 F/cm3 for single MSC and MSC
array, respectively. Here, the total area including inter-
digitated electrodes and interspaces (150 μm) is calcu-
lated tobe0.66 cm2 as shown in Supporting Information
Figure S4, and the thickness of the electrode is 250 nm.
Figure 3b shows galvanostatic charge/discharge

curves of the single MSC and MSC array at a current
of 13.2 μA. Both curves show linear and nearly trian-
gular shape, which signifies capacitive behavior with
less faradic reaction.40,41 The times for one charge/
discharge cycle are 13 and 25 s for single MSC andMSC
array, respectively. The discharging time for the MSC
array is two times longer than that for single MSC,
which also agrees reasonably with the expected results
for a 2P þ 4S connection. Coulombic efficiency was
calculated by using the equation below.

η (%) ¼ tD
tC

� 100 (2)

where tD and tC are the discharging time and charging
time, respectively. The Coulombic efficiency values
were estimated to be 97 and 94% for single device
and array, respectively, which indicates remarkable
reversibility of the charge/discharge processes. Ac-
cording to the charge/discharge curves, voltage drops
were derived to be 0.052 and 0.089 V for single device
and array, respectively. Aswith the singleMSC, theMSC
array exhibited a small voltage drop, implying that it
still retains low internal resistance.42,43 In other words,
MSCs are connected into an array without energy loss.
CV curves at various scan rates and galvanostatic
charge/discharge curves at various currents are shown
in Supporting Information Figure S5.
Figure 3c shows the capacity retention of singleMSC

and MSC array, taken with 10 000 charge/discharge
cycles at a current of 30 μA. Even after 10 000 galvano-
static charge/discharge cycles, the triangular shape of
the curves is maintained. Additionally, 91 and 86% of
initial capacitance were retained for single MSC and
MSC array. This confirms the long cycle life of the
fabricated MSCs.
The electrochemical impedance spectrum (EIS) was

obtained in the frequency range from 500 kHz to
0.1 kHz. Nyquist impedance plots of single MSC and
MSC array are shown in Figure 3d. The equivalent series
resistance (ESR) was estimated to be 66 and 133 Ω for
single MSC and MSC array, respectively. In the low
frequency range, the curve shows a vertical shape
nearly parallel to the y-axis, which indicates the pure
capacitive behavior of the devices.44,45

FEM analysis was conducted to estimate the strain
distribution on the deformable substrate under uniax-
ial and biaxial stretching conditions, as shown in
Figures 4 and 5, respectively. The deformable substrate
was modeled by the quadratic hexahedron element
C3D20 in the commercial finite element program,
ABAQUS.32,46�48 A neo-Hookean material models are
used for the Ecoflex.
The optical images and FEM result of MSC array

integrated on the stretchable substrate subjected to
70% uniaxial strain are shown in Figure 4a. As shown
in Figure 4b, the applied strain is defined as εuniaxial =
(l0 � l)/l, in which l0 and l are the elongation and the
initial length of the unit module, respectively. Since the
modulus of PET films on the top surface of the sub-
strate and those implanted in the substrate is much
higher than that of the substrate, the maximum prin-
cipal strain of the top PET layer is less than 0.01%where
the strain of the substrate between two adjacent
top PET layers is up to 300% as shown in Figure 4a
and 4c.
To examine the effect of PET interlayer implanted in

the substrate, the strain distribution and strain along
the x-axis are plotted as shown in Figure 4d. To
suppress any excessive deformation of the MSC that
must have a detrimental effect on the performance of
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MSC, the MSC is mounted on the top of the stiff PET
layer as shown in Figure 1c. The modulus of the PET is
about 2.0 GPa, which is 29 000 times higher than that of
the Ecoflex substrate. Thanks to such a high stiffness,
the MSC is well protected from the large strain applied
to the substrate. However, because of the large differ-
ence in the moduli, a significant magnitude of shear
stress develops on the interface between the PET layer
and the Ecoflex substrate. Note that the membrane
deformation of the Ecoflex substrate is suppressed by
the PET layer. Because of the shear stress, the strain in
the loading direction on the PET layer is minimum at
the center and increases gradually to the end of the
PET layer; see Figure 4d.
Implantation of the PET interlayer in the middle of

the Ecoflex substrate in addition to the PET layer on the
top can increase the shear area three times. The
increased shear area reduces the membrane strain in
the loading direction on the PET layer on the topwhere
the MSC is mounted as shown in Figure 4d (right).
According to the current setup, the strain of the top
PET layer is almost zero and uniform. The strain of the
Ecoflex increases up to 260% with the implanted PET
interlayer. This is due to the mechanical compatibility;

i.e., the reduced strain of the PET layer must be
compensated by the deformation of the Ecoflex sub-
strate. The maximum strain of the Ecoflex with the
implanted PET interlayer is 260%, which is 29% of the
failure strain limit of the Ecoflex.
The optical images and FEM analysis of biaxially

stretched substrate with 50% applied strain are shown
in Figure 5a. The applied biaxial strain is defined as
shown in Figure 5b. The deformed shape and strain
distribution are similar to the case of uniaxial stretch-
ing. The top PET layer is almost undeformed as 0.02%
and the substrate between two adjacent PET layers is
deformed up to 200% as shown in Figure 5a, and 5c.
The strain near the corner of the PET layer is much
higher than the surrounded region which is marked
with gray color in the figure. It seems that the stress
increases by the reentrant corner singularity.49 The
strain distribution shown in Figure 5d confirms the
beneficial role of the implanted PET interlayers.
The MSC array integrated on the stretchable sub-
strate with implanted PET interlayer hardly deforms.
Instead, the substrate between two adjacent PET
layers deforms more. The strain variation along the
x-axis is shown in Figure 5d (right). The strain at the

Figure 4. (a) Optical image (left) and FEM analysis (right) of MSC array integrated on the stretchable substrate under 100%
uniaxial strains. The yellowandblackdashed squares in theoptical image indicate the areaofMSC and the implantedPETfilm,
respectively. The inset of the strain distribution shows enlarged FEM analysis. (b) Schematic defining applied uniaxial strain
(εuniaxial). (c) Enlarged optical images and FEM analysis of MSC array upon 100% uniaxial stretching. Here, dotted squares
indicate the implanted PET films. (d) Comparison of FEM analysis between the substrates with (left) and without (middle)
implanted PET, and strain along the x-axis under uniaxial strain condition (right).
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top PET layer is almost zero as expected. The defor-
mation is concentrated in the substrate between two
adjacent PET layers as discussed in the previous
paragraph.
The electrochemical performance was measured

upon uniaxial stretching up to 100%. Galvanostatic
charge/discharge and CV curves under uniaxial strain
conditions from 0% to 100% are shown in Figure 6a
and 6b. Even under severe strain conditions, the
device can be operated with no performance degra-
dation due to the strain relieving design of the
stretchable substrate. The devices are isolated from
strain because it is suppressed on the active device
region and concentrated on the trench between
adjacent devices. Figure 6c shows that the varia-
tion of total capacitance, derived from the CV curves
in Figure 6b using eq 1, is within 1%. Specific energy
density (Ecell) and power density (Pcell) were de-
rived from CV curves taken at different scan rates
under various strain conditions using the following

equations:

E ¼ 1
2
� Csp � (ΔV)2

3600
(3)

P ¼ E

Δt
� 3600 (4)

Using the calculated Ecell and Pcell, a Ragone plot is
demonstrated in Figure 6d. No observable change was
shown in the graph with variations of strain. The Ecell
and corresponding Pcell values are 25 mWh/cm3 and
0.74 W/cm3, respectively. Additionally, the Pcell and
corresponding Ecell values are 31.06 W/cm3 and
10 mWh/cm3, respectively. Previously reported works
are demonstrated in Supporting Information Figure S6
to compare the energy and power density: lithium thin
battery,50 commercial activated-carbon supercapaci-
tor (AC-SC),37 Al electrolytic capacitor,37 laser scribed
graphene MSC (LSG-MSC),51 and graphene-based

Figure 5. (a) Optical image and FEM analysis of MSC array integrated on the stretchable substrate under 50% biaxial strains.
The inset shows enlarged FEM analysis on the single device area. The strain of the gray region exceeded 250% local strain. (b)
Schematic defining applied biaxial strain (εbiaxial). (c) Enlarged optical images and FEM analysis of MSC array upon 50%biaxial
stretching. Here, the dotted squares indicate the implanted PET films. (d) Comparison of FEM analysis between the substrates
with (left) and without (middle) implanted PET, and strain along the x-axis under biaxial strain condition (right).
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in-plane MSC (MPG-MSCs).52 The energy density of our
MSC array is 2 orders of magnitude higher than that of
the typical AC-SC and even higher than that of a lithium
thin battery (<10 mWh/cm3). The power density of
our MSC array is also much higher than that of
the conventional AC-SC and comparable to that of
an Al electrolytic capacitor and previously reported
MSCs.51,52 High energy and power density were ob-
tained by adopting ionogel electrolyte with high po-
tential window and series connection for the MSC
array. The mechanical stability of MSC array was

examined by measuring CV curves upon repetitive
cycles of 70% uniaxial stretching. The measured CV
curves are shown in the Figure 6e. Using eq 1, capaci-
tance variation according to the mechanical cycles is
plotted in Figure 6f. Even after 5000 mechanical cycles,
the capacitance changed within 4%. As indicated by
these results, the fabricated MSC array is very stable to
repetitive uniaxial stretching cycles.
Figure 7a and 7b demonstrate the galvanostatic

charge/discharge and CV curves under biaxial strain.
There was no observable change in the electrochemical

Figure 6. Variations in electrochemical performance upon uniaxial stretching. (a) Galvanostatic charge/discharge curves, (b)
CV curves, (c) normalized capacitance versus uniaxial strains, and (d) Ragone plots at different scan rates (from 0.1 to 10 V/s)
under uniaxial strains from0 to 100%. (e) CV curves and (f) variations in normalized capacitance upon 5000 repetitions of 70%
uniaxial stretching.

Figure 7. Variations in electrochemical performance upon biaxial stretching. (a) Galvanostatic charge/discharge curves, (b)
CV curves, (c) normalized capacitance versus biaxial strains, and (d) Ragone plots at different scan rates (from 0.1 to 10 V/s)
under biaxial strains from 0 to 50%. (e) CV curves and (f) variations in normalized capacitance upon 1000 repetitions of 30%
biaxial stretching.
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performance upon biaxial stretching up to 50%. Total
capacitance calculated from the CV curves is shown in
Figure 7c. Total capacitance varies within 1% under
strain from 0 to 50%. Using the equation mentioned
above, Ecell and Pcell at various scan rates were calculated
and plotted in a Ragone plot (Figure 7d). Under biaxial
strain up to 50%, no noticeable change was observed. As
shown, Ecell and the corresponding Pcell are 25 mWh/cm3

and 0.75 W/cm3, respectively; Pcell and the corresponding
Ecell are 32.18 W/cm3 and 11 mWh/cm3, respectively.
Mechanical cycle testing was conducted to examine

the durability of the fabricated device against repeti-
tive strains. The CV curves were measured while the
device was biaxially stretched 1000 times to 30%. The CV
curves shown in Figure 7e were used to calculate the
normalized capacitance. As shown in Figure 7f, the
capacitance varies within 4% of initial capacitance; ad-
ditionally, this confirms that the fabricatedMSC array can
endure repetitive biaxial stretching cycles with no dete-
rioration of the electrochemical performance.
The integrated MSC array was applied to light a

μ-LED array because the output voltage was increased
considerably via the use of ionogel electrolyte with
high-potential windows and the integration of multi-
ple MSCs in series. Figure 8a shows the optical image
of the fabricated MSC array connected to four
μ-LEDs. The turn-on voltage of individual μ-LED is 2 V;
thus, the required voltage to turn on the μ-LED array
connected in two series and two parallel is expected
to be 4 V. The MSC array was charged to 6 V and
connected to theμ-LED array to discharge and light the
μ-LEDs. Yellow μ-LEDs were lit during discharging of
the MSC array under biaxial stretching to a strain of
50%, as shown in Figure 8b. No degradation in the
emission characteristics was visible compared to the
0% strain state. The brightness of μ-LEDs according
to different strain states is plotted in Figure 8c. The
emission performance shows almost no change

upon stretching to 50%. The inset represents a circuit
diagram of eight MSCs connected in four series and
two parallel, and four μ-LEDs connected in two series
and two parallel. Consequently, the output voltage of
the integrated MSC array is sufficiently high that
several μ-LEDs can be operated using the discharging
energy of the MSC array; additionally, the MSC array
can accommodate biaxial strains to maintain the
brightness of μ-LEDs without degradation. This con-
firms that the strain can be effectively suppressed in
the active device area due to the stiff PET films
implanted below. Top surface of stiff PET region is
hardly strained even when the whole substrate is
deformed severely.

CONCLUSION

We report on the fabrication of a biaxially stretchable
microsupercapacitor array on a deformable substrate
designed to minimize the strain applied to the active
region of the device. The deformable substrate ismade
of soft Ecoflex with locally implanted stiff PET films in
which the liquid metal interconnection is embedded.
Due to the differences in stiffness between the soft
Ecoflex and PET films, local strain is suppressed on the
surface area above the PET films. MSCs are fabricated
with functionalized MWNT electrodes and patterned
high-output-voltage ionogel electrolyte. Individual
MSCs are connected into a series and parallel assembly
according to the requirements of high output voltage.
The MSC array was integrated on the deformable
substrate with no degradation of electrochemical per-
formance and was operated stably under up to 50%
biaxial and 100% uniaxial strain, according to the FEM
analysis results. A μ-LED array was lit by using the high-
output voltage of the integrated MSC array. This work
demonstrates a high potential of our fabricated MSC
array for application as an embedded energy storage
device for wearable and bioimplantable devices.

METHODS

Fabrication of Ti/Au Current Collector of MSC. PDMS (Sylgard 184,
Dow Corning) is spin-coated onto the Si/SiO2 substrate at

4000 rpm for 50 s and cured at 65 �C for 1.5 h. PET film
(75 μm) is attached on the surface of the PDMS to be used as
a substrate for MSC. An interdigitated Ti/Au (5 nm/50 nm)

Figure 8. Optical images showing the discharging state of theMSC array lighting μ-LEDs under biaxial strain of (a) 0% and (b)
50%. (c) Variations in brightness upon biaxial stretching up to 50%. The inset is a circuit diagram of 4� 2 MSCs connected to
the 2 � 2 μ-LEDs.
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electrode is fabricated via photolithography and e-beam eva-
poration (KVE-T4065, Korea Vacuum Tech).

Functionalization of MWNTs. To functionalize MWNT with a
carboxylic acid group (�COOH), 500 mg of MWNT (Sigma-
Aldrich) are refluxed with a solution of 30 mL of H2SO4 and
10 mL of HNO3 at 70 �C for 3 h. After refluxing, 200 mL of DI
water is added to the MWNT/acid solution and vacuum filtered
through the mixed cellulose ester film (pore size of 0.2 μm,
Advantec MFS, Inc.). This fabricated MWNT-COOH film is dis-
persed in 250mL of DI water and vacuum filtered; this process is
repeated three times to remove the remaining acid. Next, the
MWNT-COOH film is dispersed in DI water and placed into a
dialysis tube cellulosemembrane (MW= 12 K, Sigma-Aldrich) to
be dialyzed in a DI water bath with stirring. After dialysis is
completed, the MWNT-COOH dispersion is vacuum filtered and
dried at room temperature. Then, the fabricated MWNT-COOH
film is dispersed in DI water at a concentration of 1 mg/1 mL.

MWNT can be functionalized with an amino functional
group (�NH2) by mixing the MWNT dispersion (1 mg/1 mL)
with 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC,
Sigma-Aldrich) and C2H4(NH2)2 (Sigma-Aldrich) and stirring for
5 h. This mixed dispersion is vacuum filtered and redispersed.
The dispersion is finally dialyzed by using a dialysis tube.

LbL Assembly of MWNT Film. Functionalized MWNT film can be
deposited onto the Ti/Au current collector by alternately dip-
ping the current collector in the prepared MWNT-COOH and
MWNT MWNT-NH2 dispersions for 10 min. The Ti/Au current
collector should be rinsed thoroughly with DI water after each
dipping process. This unit cycle is repeated 10 times to deposit
10 bilayer functionalized MWNT thin films.

Synthesis and Patterning of Ionogel Electrolyte. The UV-curable
ion-gel electrolyte can be synthesized bymixing the ionic liquid,
monomer, and UV cross-linking initiator. [EMIM][TFSI] (Sigma-
Aldrich), PEGDA (Sigma-Aldrich), and 2-hydroxy-2-methylpro-
piophenone (HOMPP, Sigma-Aldrich) are mixed at a weight
ratio of 88:8:4.53 The prepared ionogel electrolyte is drop-cast
on the MSC electrodes. UV light is irradiated through a shadow
mask for 40 s. TheUV exposed parts become a thin solid film and
the unexposed parts are removed by rinsing with chloroform
for 5 s. The remaining parts are rinsed with DI water and dried
with N2 gas.

Fabrication of Liquid Metal Interconnection and Integration of the MSC
Array. Galinstan (68.5% Ga, 21.5% In, and 10% Sn; Rotometals) is
injected into themicrochannels (width: 300 μm; depth: 300 μm)
embedded within the substrate. A via hole with a diameter of
2 mm is punched on each Au pad of the MSCs. Next, the MSCs
are dry-transferred onto the substrate, below which the PET
films are implanted, by using a small amount of uncured Ecoflex
as adhesive. To electrically connect eachMSC to the liquidmetal
interconnection, Ag NW dispersion (1 wt % diluted in water,
diameter: 65 nm, average length: 10 μm; Ditto Technologies) is
drop-cast to form an Ag NW contact. The Ag NW percolation
electrically connects the individual devices and interconnec-
tions, stably sealing the microchannel. Then, uncured PDMS is
pasted onto the Ag NW contact for further protection.

Characterization of Stretchable MSC Array. The electrochemical
performance of the fabricated MSC array was estimated by
measuring CV, galvanostatic charge/discharge curve, and elec-
trochemical impedance spectroscopy using an electrochemical
analyzer (Compact Stat, Ivium Technologies). SEM images of the
functionalized MWNT film were obtained (Hitachi S-4800).
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