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ABSTRACT: Textile-based electronics have attracted
much attention as they can perfectly combine the
functionality of wearable devices with the soft and
comfortable properties of flexible textile fibers. In this
work, we report a dynamically stretchable high-perform-
ance supercapacitor for powering an integrated sensor in
an all-in-one textile system to detect various biosignals.
The supercapacitor fabricated with MWCNT/MoO3 nano-
composite electrodes and nonaqueous gel electrolyte, along
the course direction of the fabric, exhibits stable and high
electrochemical performance under dynamic and static
deformation, including stretching in real time, regardless of
the strain rate. The strain sensor created along the wale
direction of the fabric shows a high sensitivity of 46.3 under an applied strain up to 60%, a fast response time of 50 ms,
and high stability over 10 000 cycles of stretching/releasing. Finally, the supercapacitor and strain sensor are integrated
into an all-in-one textile system via liquid-metal interconnections, and the sensor is powered by the stored energy in the
supercapacitor. This system sewed into cloth successfully detects strain due to joint movement and the wrist pulse. This
work demonstrates the high feasibility of utilizing the fabricated stretchable all-in-one textile system for real-time health
monitoring in everyday wearable devices.
KEYWORDS: textile electronics, all-in-one system, stretchable devices, stretchable supercapacitors, strain sensors

In recent years, there has been a growing interest in the
development of flexible/stretchable wearable electronic
devices, and studies on flexible textile fibers with

multielectronic functions have been actively performed.1−5

Owing to their flexibility, special attention has been paid to
textile fibers as an ideal platform for wearable electronic
devices that people can feel comfortable wearing all day.6 In
the past, users have suffered from the inconvenience of wearing
rigid electronic devices created via simple attachment onto
cloth or connection with a conductive fiber. To solve this
uncomfortable situation, it is necessary to develop electronic
devices that can maintain the intrinsic properties of flexible
fibers.7

Various studies on textile electronic devices, including
sensors, nanogenerators, and supercapacitors, have been
reported for wearable applications.8−14 Deng’s group synthe-
sized nickel/active-material-coated flexible fibers as a simple
and effective platform to fabricate strain sensors, triboelectric
nanogenerators, and supercapacitors for wearable energy and

sensor devices.15 However, those fabricated strain sensors
could be driven only by the external power supply through the
long wire connections, which is not good for practical
application as wearable devices. Thus, an effective strategy is
to implement all-in-one systems for specific wearable
applications that integrate energy storage devices with sensors.
The Zhi group reported a new system design that combined a
textile-type supercapacitor, a photodetector, and a strain
sensor, eliminating the limitations on the system weight and
size.16 However, rather poor performances were observed for
individual devices and systems due to the supercapacitor and
strain sensor sharing electrodes.
Textiles with knitted structures can be intrinsically stretched

because the meandering loops in knitted textiles can be
extended in different directions. As a future energy storage
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device, supercapacitors have been extensively applied to
wearable devices owing to their advantages over batteries,
such as simple structure, fast charge/discharge, high power
density, and excellent cycle stability.17,18 Additionally, light-
weight, flexible, and stretchable textile-based strain sensors can
be worn for a long time without inconvenience to the user and
are becoming a key technology in the human interface because
they can continuously collect data related to breathing or body
motion.19,20

Here, we demonstrate a stretchable all-in-one system of
textile-based supercapacitors and strain sensors that can detect
various biosignals. The supercapacitor and strain sensor were
fabricated in two different stretching directions of the fabric. As
stretchable electrodes for the high-performance supercapaci-
tors, multiwalled carbon nanotubes (MWCNTs) and pseudo-
capacitive molybdenum trioxide nanowires (MoO3 NWs) were
synthesized. First, among the various carbon-based materials,
carbon nanotubes (CNTs) have attracted significant interest as
an excellent candidate for use in various electrochemical
supercapacitors and physical sensors due to their chemical/
mechanical stability, high conductivity, and large specific
surface area. MoO3 also has attracted considerable interest as a
pseudocapacitive material in addition to its low cost,

nontoxicity, high electrochemical activity, and environmentally
friendly properties.21,22 Due to the low conductivity of MoO3,
however, the hybrid composite of MWCNTs and MoO3 NWs
was used for high-performance supercapacitors in this work. In
addition, the sensitivity of the strain sensor could be easily
controlled by the mixing ratio of MoO3 NWs. The fabricated
supercapacitors exhibited high capacitance and cycle stability
and showed mechanical stability under various deformation
conditions, such as static and dynamic folding, twisting, and
stretching. The strain sensor made of the same MWCNT/
MoO3 NW materials exhibited a high sensitivity, with stable
and reproducible performance and a fast response time. The
all-in-one system was sewn on clothes, and the strain sensor
was powered by the stored energy of the supercapacitor and
could detect the movements of fingers, wrists, and elbow joint
as well as the wrist pulse. This work suggests the high
application potential of our stretchable all-in-one textile system
for various fields including rehabilitation, healthcare, sports,
and medical treatments as a next-generation wearable device.

Figure 1. Schematic illustration of the fabricated stretchable all-in-one textile system. (a) High-magnification illustration of the cross section
of the stretchable fiber showing the multifilament structure and MWCNT/MoO3 nanocomposite in the fabric. (b) Schematic diagram of the
wale and course directions of a knitted (purl loop) fabric. (c) Relative resistance changes versus strain curves for wale (blue) and course
(red) direction stretching. (d) Schematic illustration of contact points between the loops in the knitted fabric structure. Inset is the SEM
image of the textile. (e) SEM images showing the fabric with wale (left) and course (right) direction stretching. (f) Integration of the
supercapacitor and the strain sensor. (g) Conceptual illustration of the integration system sewn onto a T-shirt and a nylon glove for
biosignal monitoring.
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RESULTS AND DISCUSSION

We report the fabrication of a dynamically stretchable all-in-
one textile system consisting of a supercapacitor and a strain
sensor for monitoring biosignals, where the sensor is driven by
the stored energy of the integrated supercapacitor without the
use of wire connections to an external power supply. Such a
key advance includes a deliberate selection of suitable materials
and a design rule of individual high-performance devices in two
different stretching directions of the textile: a supercapacitor in
the course direction but the strain sensor in the wale direction.
Through deliberate control of single active materials of a
MWCNT/MoO3 NW nanocomposite and careful selection of
stretching directions of the textile for fabricating individual
devices, a dynamically stretchable all-in-one textile system is
easily fabricated. The fabricated all-in-one sensor system with
liquid metal interconnections is sewn on clothes, detecting the
movements of fingers, wrists, elbow joints, and the wrist pulse.
The fabricated stretchable all-in-one textile system is schemati-
cally shown in Figure 1. The conductive fabric was made via
spray-coating the MWCNT/MoO3 NW nanocomposite onto
stretchable fabric with a multifilament structure, as shown in
Figure 1a. Fabric textile networks with a knitted structure can
withstand tensile deformation in the vertical and horizontal
directions but exhibit different tensile properties.23 Course is
defined as a series of horizontally connected loops, and wale is
a series of vertically intermeshed loops, as given in Figure
1b.24,25 Figure S1a shows an optical image of the stretchable
fabric substrate (nylon 82%/Spandex 18%) we used. The
thickness of the fabric substrate was estimated to be
approximately 300 μm based on the cross-sectional scanning
electron microscopy (SEM) image in Figure S1b. Initially, we
tried the dip-coating process. To uniformly coat the fabric, the
fabric was sufficiently immersed in the coating solution for 5
min and then dried in a 65 °C oven for 15 min. SEM images
were taken from the dip-coated fabric, as shown in Figure S2.
The dip-coating showed a uniform coating without noticeable
agglomeration. However, we obtained a high resistance value
of 8.55 MΩ despite the 15 cycles with the long times of more
than 5 h for each sample. After 10 cycles, the resistance did not
change significantly, as shown in Figure S3. In addition, the
fabric exhibited poor conductivity and was insufficient for use
as a conductor, suggesting that the dip-coating method should
not be successful. Spray-coating was selected for fabricating
conductive fabric substrates because of the advantages of this
process, such as low cost, high speed, simplicity, and
uniformity over large areas, which are good properties for
manufacturing conductive layers on complex nonplanar
surfaces.26,27 The MWCNT/MoO3 nanocomposite solution
was spray-coated at a 90° angle above the stretchable fabric
substrate while the substrate was heated at 80 °C, as
schematically shown in Figure S4.
Applied strain is defined as ε = (l − l0)/l0 × 100, where l0

and l are the distances between the fixed edges before and after
being stretched, respectively.28,29 Figure 1c shows the changes
in the resistance for stretching in both the wale and course
directions. Ten milliliters of a MWCNT solution dispersed in
ethanol was spray-coated onto a stretchable fabric substrate.
The conductive fabric exhibited a positive piezoresistivity
effect, where the resistance increased with the decrease in
percolation in the wale direction;30 a 20-fold higher change in
the relative resistance was observed at an applied strain of 50%
compared to that observed with stretching in the course

direction. There was a slight change in the resistance upon
application of strain in the course direction, as shown in the
inset of Figure 1c.
Figure 1d shows the schematic illustration of the knitted

structure where conductive fabric loops contact adjacent loops
next to each other. When the coated fabric is stretched, the
resistance changes with deformation. The change in resistance
of the knitted fabric with applied strain can be explained
following the equation of Holm’s contact theory (1):31,32

R
H

nP2C
ρ π=

(1)

where ρ, n, P, and H are the resistivity of the fiber, the number
of contact points, the contact pressure, and the material
hardness, respectively. The material hardness and electrical
resistivity remain constant, and the number of contact points
and the contact pressure change with the applied strain. Thus,
higher contact pressure and the increased number of contact
points reduce the contact resistance. In this knitted structure,
contact pressure between the loops has a maximum value
before stretching and uniaxial stretching reduces the number of
contact points between the loops.33,34 Hence, the contact
pressure and the number of contacting points between loops
become smaller with the applied strain. As a result, the overall
electrical resistance of the fabric increases with strain due to
the increase of contact resistance. The SEM images taken from
the fabric before and after stretching by 30% in the course
direction are shown in Figure S5. No crack is observed in the
30% stretched state. Thus, we consider that the resistance
change is not caused by cracking but by the deformation of the
structure with the change of the contact resistance.
To analyze and understand the change in resistance with

respect to the applied strain, the change in the textile
morphology was investigated in both the wale and course
directions. The change in resistance along the wale direction is
much larger than that along the course direction. It is
attributed to the different deformation characteristics along the
two directions, as shown in Figure S6. Contact points between
loop and loop still remain in the course direction stretching
(Figure S6a), while the separation of contact points is
significantly increased with the stretching in the wale direction
(Figure S6b). As the space between neighboring loops
increased, the change in resistance was reported to increase.35

As a result, the resistance variation in the wale direction is
larger than that in the course direction under the same
stretching condition. Figure 1e shows SEM images taken from
the MWCNT-coated fabric substrate under 50% stretching in
the wale and course directions. The change in the resistance is
maximized under stretching in the wale direction, whereas it is
minimized under stretching in the course direction. Thus, we
can fabricate the stretchable strain sensor and supercapacitor
along the corresponding directions. Both the supercapacitor
and the strain sensor were made of a single active material of a
MWCNT/MoO3 nanocomposite.
Based upon those preliminary investigations, we developed a

stretchable, textile all-in-one system via stacking and
connecting these two devices, as shown in Figure 1f. The
strain sensor can be driven by the stored power of the
supercapacitor. Finally, the stretchable, textile all-in-one system
was sewn onto cloth and was detached from the cloth by
washing and sewn again after washing to solve the washing
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problems. It is used to detect the movement of joints and the
wrist pulse, as shown in Figure 1g.
The morphology and chemical structures of the materials

synthesized to create the electrodes and electrolytes are shown
in Figure 2. Figure 2a shows the SEM images taken from the
functionalized MWCNTs, high-purity MoO3 NWs synthesized
by a hydrothermal processes, and the MWCNT/MoO3

nanocomposite. The MWCNT/MoO3 nanocomposite was
uniformly blended. Typical Raman spectra of the synthesized
materials are shown in Figure 2b. In the spectrum of the
MWCNT/MoO3 nanocomposite, the peak at 994 cm−1 is
assigned to antisymmetric νas(MoO)Ag stretching, and the
strong band at 818 cm−1 represents symmetric νs(Mo−O3−
Mo)Ag stretching. The peaks at 665 and 521 cm−1 are
ascribable to the antisymmetric νas(Mo−O2−Mo)B2g stretch-
ing and bending modes, respectively. Two prominent peaks for
MWCNTs appear at 1348 cm−1 (D band) and 1585 cm−1 (G
band).28,36 The X-ray diffraction (XRD) pattern of the MoO3

NWs is shown in Figure 2c. The peaks appearing at 2θ values
of 12.74, 25.69, 27.31, 33.13, 33.67, 35.47, 38.95, 46.30, 55.22,
56.37, and 58.85° correspond to the (020), (040), (021),
(101), (140), (041), (060), (210), (112), (042), and (081)
planes of the orthorhombic crystal structure of MoO3,
respectively. The polycrystalline MoO3 peaks in the XRD

pattern confirm a = 3.96 Å, b = 13.85 Å, and c = 3.69 Å in
accordance with the JCPDS card no. 00-005-0508.37 Figure
2d,e shows the X-ray photoelectron spectroscopy (XPS)
spectra of the synthesized MoO3 NWs. The Mo 3d core
level spectrum of MoO3 shows a spin−orbit doublet at 236.0
and 232.9 eV for Mo 3d3/2 and Mo 3d5/2, confirming the +6
oxidation state of Mo (Figure 2d). The energy difference
between the doublet peaks is 3.1 eV for MoO3.

38,39 The O 1s
core level spectrum of MoO3 in Figure 2e shows a peak at
530.7 eV that can be attributed to the presence of oxygen in
Mo−O−Mo bonding. This result confirms the −2 oxidation
state of oxygen.37,40 Energy-dispersive spectroscopy (EDS)
images show the uniform distribution of the MWCNT/MoO3

nanocomposite on the fiber surface, as shown in Figure 2f. The
SEM images also confirmed that the synthesized material was
uniformly coated on the fabric substrate, as shown in Figure
S7. We synthesized a nonaqueous solvent-based ACN−PC−
PMMA−LiClO4 electrolyte for high operational cell voltage
and air/mechanical stability. Our fabricated organic electrolyte
consists of acetonitrile (ACN), propylene carbonate (PC),
lithium perchlorate (LiClO4), and poly(methyl methacrylate)
(PMMA), where ACN and PC act as organic solvents, LiClO4

both as conducting salt and reactant to undergo pseudocapa-
citive reaction with molybdenum trioxide, and PMMA as a

Figure 2. (a) SEM images of MWCNTs (left), MoO3 NWs (middle), and MWCNT/MoO3 nanocomposite (right). (b) Raman spectra of
MoO3 NWs (blue), MWCNT/MoO3 nanocomposite (red), and MWCNTs (black). (c) XRD pattern of MoO3 NWs. XPS spectra of (d) Mo
3d and (e) O 1s for MoO3 NWs. (f) SEM image and EDS spectrum of the fabric uniformly covered with the MWCNT/MoO3
nanocomposite. (g) Molecular structures of the component materials of the gel electrolyte. (h) Raman spectrum of ACN−PC−PMMA−
LiClO4. (i) Linear sweep voltammetry of the gel electrolyte recorded using two gold electrodes at a scan rate of 5 mV/s.
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polymerizing agent to immobilize and to add viscosity to the
electrolyte. Typically, aqueous electrolytes have limited
operation voltage below 1 V due to the electrochemical
decomposition voltage of water. In addition, the evaporation of
water under ambient air conditions results in capacitance
degradation due to the reduction in ion mobilities by
evaporation of water.41 As a result, we used the gel-type
ACN−PC−PMMA−LiClO4 electrolyte owing to many advan-
tages including the easy processing, good mechanical strength,
a wide operation voltage window, and air stability for the
supercapacitor performance. Although ACN, PC, and LiClO4

are known to be toxic based on material safety data sheets,
these organic solvents and conducting salts are commonly used
as an electrolyte material for high-performance supercapacitors
and electrochromic devices.42,43 More importantly, our organic
solvent-based electrolyte is gel-type and has high viscosity. We
measured shear viscosity of the gel electrolyte through a
rheometer, which was about 7600 times higher than that of
deionized (DI) water at a high shear rate of 100, as shown in
Figure S8. Thus, the electrolyte is in an almost solid state so
that it does not flow, not directly contacting the skin through
the fabric. The electrolyte is also located between the
electrodes, and the supercapacitor is sewn on the fabric for
biosignal measurement. Therefore, the devices do not directly
touch the skin. Even when measuring pulse, the strain sensor is

located at the top of the all-in-one system, making it difficult to
contact the skin.
Figure 2g,h shows the molecular structures of the individual

components and the Raman spectrum of the ACN−PC−
PMMA−LiClO4 gel electrolyte. Raman bands associated with
each component are clearly observed, and the blue, red, green,
and purple diamonds correspond to ACN, PC, PMMA, and
LiClO4, respectively. The strong Raman band at 712 cm−1 can
be assigned to the deformation of a locally symmetric PC ring,
and the pentagonal ring of PC can be deformed by interacting
with Li+ ions dissolved in the solvent. The asymmetric C−C
N bending mode of ACN is located at 776 cm−1. The bands at
916 and 959 cm−1 are inherent to PC, and the 931 cm−1 band
can be assigned to a solvent-shared ion pair (Li+−PC−
ClO4

−).41,43 The 813 cm−1 band is assigned to a stretching
mode of the ester side chain group of PMMA.44 A linear sweep
voltammetry curve was taken to investigate the electrochemical
stability window (ESW) of the synthesized electrolyte, as
shown in Figure 2i, and this test checks for the possible
decomposition of constituent materials of the electrolyte over a
wide potential range.45 The ESW of the ACN−PC−PMMA−
LiClO4 electrolyte was found to be from −2.5 to 2.5 V in a cell
consisting of symmetric gold electrodes. The current density
remained almost zero during scanning at a scan rate of 5 mV/s,
indicating no decomposition of the components within this
potential range.

Figure 3. Electrochemical performance of a supercapacitor consisting of MWCNT/MoO3 nanocomposite electrodes and a gel electrolyte. (a)
Schematic illustration of the fabricated stretchable supercapacitor. (b) CV curves obtained at scan rates of 10, 30, 50, 70, 100, and 200 mV/s.
(c) GCD curves obtained at a current density from 0.14 to 2.86 A/g. (d) Capacitance retention (orange) and Coulombic efficiency (blue) for
charge/discharge cycles at a current density of 1.43 A/g. (e) Specific and areal capacitances with variation of current density. (f) Ragone
plot. (g) Schematic illustration of two supercapacitors connected in series and parallel with circuit diagrams. (h) GCD profiles of the
supercapacitor arrays connected in series and parallel. (i) Charge/discharge behaviors of two serially connected supercapacitors. The bottom
optical images are of a μ-LED powered by the connected supercapacitors with the elapsed time after charging.
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Before the fabrication of a stretchable fabric supercapacitor,
the electrochemical performance of the MWCNT/MoO3
nanocomposite electrode was evaluated in a three-electrode
system using a 0.5 M LiClO4 aqueous solution as the liquid
electrolyte, Pt wire as the counter electrode, and Ag/AgCl as
the reference electrode. With a fixed amount of MWCNTs (3
mL) on the ITO/PET film, the volume fraction of MoO3 NWs
was varied, as described in Figure S9a. Galvanostatic charge−
discharge (GCD) curves were obtained with different volume
fractions of MoO3 NWs (Figure S9b), and the calculated
capacitance was found to increase with the volume fraction up
to 0.25 but then decreased, as shown in Figure S9c. With a
volume fraction of 0.25, the capacitance dramatically increased
by approximately 3 times due to the redox reaction between
the MoO3 NW surface and Li+ ions in the aqueous
electrolyte.46 However, as the volume fraction of MoO3
NWs further increased, the capacitance decreased due to the
increase in the sheet resistance (Rsh), as shown in Figure S10.
Figure S11 shows the SEM images of the electrodes with
different volume fractions of MoO3 NWs.
Figure 3 shows the electrochemical performance of a

stretchable fabric supercapacitor with the MWCNT/MoO3
nanocomposite electrode and ACN−PC−PMMA−LiClO4
electrolyte. Figure 3a is a schematic illustration of the
fabricated supercapacitor. First, the change in the resistance
when strain was applied to the fabric substrate was measured
with various MWCNT/MoO3 nanocomposite solutions. As
the amount of coated MWCNT/MoO3 nanocomposite
increased, the change in the resistance decreased (Figure
S12a). Second, to obtain a high-performance supercapacitor,
we dip-coated a stretchable conductor of the PEDOT:PSS/
P123 composite to create the current collector of the fabric
electrode for improved conductivity. With an increase in the
number of dip-coating cycles, the resistance dramatically
decreased, as shown in Figure S12b. Such a change in

resistance was also investigated with and without the
PEDOT:PSS/P123 composite current collector when 10 mL
of MWCNT/MoO3 nanocomposite solution was coated on
the substrate, as shown in Figure S13a. Without the current
collector, an approximately 8.6 times greater change in
resistance was observed at an applied strain of 60%. This
result confirmed that the fabricated supercapacitor is more
mechanically stable with a current collector under stretching
deformation. The thickness of the supercapacitor fabricated
with the optimal synthesized materials was estimated to be
∼940 nm based on the cross-sectional SEM image in Figure
S13b. After dip-coating of the stretchable fabric with
PEDOT:PSS/P123, the MWCNT/MoO3 nanocomposite
was spray-coated on it. Thus, there is just a physical interaction
between the two layers. In order to check the adhesion, we did
the 3M Scotch tape test, as shown in Figure S14. After the
attachment/detachment of the Scotch tape, there was no
material on the tape, confirming the good adhesion between
two layers. Figure S15 shows the cyclic voltammetry (CV)
curves measured at a scan rate of 50 mV/s. The fabricated
supercapacitor could be operated at different voltages, ranging
from 1.0 to 2.0 V. The maximum and minimum current values
in the CV curves were symmetric at 1.4 V, indicating the
stability of the ACN−PC−PMMA−LiClO4 gel electrolyte.
Therefore, the potential of 1.4 V was selected as the stable
operating voltage of our supercapacitor. The capacitance is
mainly caused by the adsorption/desorption of Li+ ions onto/
from the MoO3 NWs. The charge storage mechanism can be
explained by the following eq 2:46

x xeMoO Li Li MoOx3 3+ + ↔+ −
(2)

As shown in Figure 3b and Figure S16a, the CV curves show
symmetric charge/discharge current levels and quasi-rectan-
gular shapes at various scan rates up to 200 mV/s. The GCD
curves were taken at current densities ranging from 0.14 to

Figure 4. Electrochemical performance of the supercapacitor measured under real-time static stretching and dynamic deformation/
stretching. (a) CV curves under stretching measured at a scan rate of 100 mV/s. (b) GCD curves under stretching at a current density of
0.71 A/g. The inset shows the normalized capacitance (C/C0). (c) Capacitance retention as a function of stretching/releasing cycle number
under different strains. The inset shows the optical images of the supercapacitor before (left) and after (right) stretching. (d) Optical images
and (e) CV curves of the supercapacitor measured during various dynamic deformation: pristine, folding, twisting, and after 100 folding
cycles. (f) CV curves measured during dynamic stretching/releasing cycles at 30% strain with different strain rates of 2 and 5%/s. Here, the
CV curves without applied strain (ε = 0%) are gray.
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2.86 A/g and show symmetric triangular shapes in Figure 3c.
Figure 3d presents the changes in capacitance over 10 000
repetitive charge/discharge cycles at a current density of 1.43
A/g. A Coulombic efficiency (η) of 100% was maintained
while the capacitance retention was approximately 86 and 76%
of the initial capacitance after 5000 and 10 000 charge/
discharge cycles, respectively, which were obtained by
continuous operation for 5 days. In addition, cyclic stability
was demonstrated with no significant distortion in the GCD
curves around the 10000th cycles (inset of Figure 3d). The
performance is superior to that of other recently reported
flexible/stretchable/fabric supercapacitors, as shown in Table
S1. Figure S16b shows the time-dependent impedance spectra
(the Nyquist plot) taken over a frequency range from 1 MHz
to 0.01 Hz with an amplitude of 0.01 V. In the inset of Figure
S16b, the ESR value is estimated to be 83.6 Ω. The specific
and areal capacitance of our supercapacitor was calculated
from the GCD curves with respect to the current densities, as
shown in Figure 3e. The maximum specific and areal
capacitances were estimated to be 48.3 F/g and 33.8 mF/
cm2 at a current density of 0.14 A/g and 0.1 mA/cm,
respectively. The maximum volumetric capacitance of our
supercapacitor was also calculated to be 0.41 F/cm3 at a
current density of 1.2 mA/cm3 in Figure S16c. More detailed
specification of the fabricated supercapacitor is shown in
Figure S17. In the Ragone plot in Figure 3f, the specific energy
density (Ecell,s) and specific power density (Pcell,s) of our
supercapacitor are calculated from the GCD curves. The
supercapacitor exhibited an Ecell,s of 13.15 Wh/kg at a Pcell,s of
100 W/kg and a Pcell,s of 2000 W/kg at an Ecell,s of 4.28 Wh/kg.
These energy and power densities are also comparable or
superior to those of recently reported flexible/stretchable/
fabric supercapacitors, as demonstrated in Table S1. Figure 3g
schematically illustrates two supercapacitors connected in
series and parallel with equivalent circuit diagrams. The
operating voltage and capacitance could be adjusted in this
way. The corresponding GCD and CV curves are shown in

Figure 3h and Figure S18a, respectively. Two serially
connected supercapacitors exhibit an output voltage of 2.8 V,
which is twice that of a single supercapacitor. Two super-
capacitors connected in parallel have a 2-fold longer discharge
time than a single supercapacitor. After two serially connected
supercapacitors were charged to 2.8 V, a μ-LED with a turn-on
voltage of 1.6 V was turned on for 150 s, as shown in Figure 3f.
Self-discharge behavior is an important concern for the
practical application of supercapacitors.45 We obtained a self-
discharge curve, as shown in Figure S18b. When a single
supercapacitor was fully charged to 1.4 V at a current density
of 0.36 A/g, it took 4.2 h for the voltage to decrease to 0.6 V.
We confirmed the electrochemical stability of our fabric

supercapacitor under mechanical deformation in both static
and dynamic modes, as shown in Figure 4. The CV and GCD
curves in Figure 4a,b show no noticeable change upon
application of a strain up to 50% at a scan rate of 100 mV/s
and current density of 0.71 A/g. The gel electrolyte did not
flow out, and we could perform a deformation test without
encapsulation of the supercapacitor. The inset of Figure 4b
shows that the normalized capacitance remained unchanged.
Furthermore, the capacitance retained ∼80% of its initial value
even after 5000 stretching/releasing cycles of the application of
steadily increasing strain from 10 to 50%. The inset shows the
optical images of the supercapacitor in the released and 50%
stretched states. Such degradation seems to originate from the
slight fracture of the entire device, including the gel electrolyte,
and delamination of the electrode materials under repeatedly
applied strain.45 Next, we investigated the electrochemical
performance under the application of dynamic deformation.
Figure 4d shows optical images of the folded, twisted, and
stretched supercapacitor. Figure 4e displays the dynamically
recorded CV curves at a scan rate of 50 mV/s with pristine,
folding, and twisting and after 100 cycle of folding. The CV
curves exhibit complete recovery of the initial performance
regardless of the deformation. Figure 4f shows the CV curves
taken under 30% dynamic stretching at strain rates of 2%/s

Figure 5. Electromechanical properties of the stretchable strain sensor. (a) Relative resistance changes versus strain curves with various
volumes of coating solutions at a fixed volume fraction of MoO3 NWs of 0.25. (b) Relative change in the resistance of the strain sensor versus
the applied strain. (c) Repetitive measurements of the change in the relative resistance of the sensor with the variation of strain in a sequence
of 5, 10, 30, and 50%. (d) Response curve of the strain sensor with an applied strain of 5% showing a response time of 50 ms. (e)
Characteristic of the sensor under a constant strain of 10% applied strain for 10 min. (f) Change in the relative resistance of the sensor for
10 000 stretching/releasing cycles with 10% strain.
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(red) and 5%/s (blue). Two and five stretching/releasing
cycles are represented in the CV curves. All of the CV curves
dynamically recorded under an applied strain overlap with the
CV curve taken prior to the dynamic stretching. Figure S19
shows the temperature-dependent capacitance values, and a
slight increase in capacitance by 0.005 °C−1 is observed in the
temperature range between 25 and 45 °C, indicating the
thermal stability of our supercapacitor.47 This result clearly
confirmed that the initial capacitance is maintained under
dynamic stretching regardless of the strain rate and temper-
ature change, suggesting the high application potential of our
supercapacitor for skin-attachable electronics as dynamically
stretchable energy storage devices.
To optimize the performance of the strain sensor, the MoO3

NW volume fraction was changed from 0 to 0.75 with a fixed
total coating volume. Figure S20a shows that the sheet
resistance increased with the increasing volume fraction of
MoO3 NWs. The change in the resistance with the volume
fraction of MoO3 NWs is shown in Figure S20b. When the
volume fraction of the MoO3 NWs was 0.25, the resistance
change with 60% strain was the highest. However, the
resistance change could only be measured up to 35% strain

with a volume fraction of 0.5, and the electrical connection was
broken even at 5% strain with a volume fraction of 0.75. This
difference is attributed to the dramatic reduction in the
conductive pathway through MWCNTs, and when we
fabricated the strain sensor with spray-coated MoO3 NWs
only, the initial resistance was very high at 66 MΩ, as shown in
Figure S21. Upon 5% strain, there appeared no current flow.
Therefore, a volume fraction of 0.25 was chosen for fabricating
our strain sensor.
The electrical performance of the fabricated strain sensor is

shown in Figure 5. With variations in the total amount of the
coating solution, the relative change in resistance with respect
to the applied strain was measured and is shown in Figure 5a.
Spray-coating 3 mL of solution resulted in the greatest change
in resistance with applied strain, which is probably due to less
percolation of conductive MWCNTs with less spray-coating
solution; this result is consistent with the highest resistance
being obtained with the smallest amount of coating solution in
Figure S20c. The thickness and final mass loading of the
optimally synthesized MWCNT/MoO3 nanocomposite for the
strain sensor are estimated to be ∼570 nm from the cross-

Figure 6. (a) Schematic illustration and optical images of the fabricated strain sensor and supercapacitor with a circuit diagram of the
integrated system (left). Integrated all-in-one system sewn onto a T-shirt and a nylon glove. Detection of biosignals with the strain sensor
driven by a supercapacitor. Current change with (b) finger bending, (c) wrist bending, (d) wrist pulse, and (e) elbow bending.
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sectional SEM image in Figure S20d and 0.4 mg/cm2 with a
high-resolution analytical balance, respectively.
The gauge factor (GF) for determining the sensitivity of the

sensor can be calculated by eq 3:48,49

GF

R
R 0

ε
=

Δ

(3)

where ΔR, R0, and ε correspond to the change in the
resistance, the initial resistance (the resistance before
extension), and the applied strain, respectively. There are
two slopes with variation of the amount of coating solution. It
is attributed to the temporary deformation of the textile, and it
appears as a plateau at low strains.23,50 We calculated the gauge
factor (slope) using the end point values at 0 and 60%. In the
case of the strain sensor fabricated with 3 mL of the coating
solution, the highest gauge factor of 46.3 at up to 60% strain
was obtained with a high R2 value of 0.989, indicating the good
linearity, as shown in Figure 5a. So, we compared the
sensitivity for the strain ranging from 0 to 60% in this work.
With the strain sensor, stretching/releasing cycles were
measured up to 60% strain, as shown in Figure 5b. Here, the
error bars were obtained from five different sensors to confirm
reproducibility. Slight hysteresis was observed during the
release, and such hysteresis is reported to be mainly due to
friction and structural changes in the fabric.50 Table S2 shows
that our strain sensor exhibits a superior performance
compared to that of other previously reported stretchable
fabric strain sensors. The inset graph shows the I−V
characteristics of the fabricated sensor with linear and ohmic
behavior. As strain is applied, the amount of current flowing
through both electrodes is reduced. In order to see the effect of
washing on the strain sensor, we compared the performance of
our strain sensor with and without PDMS coating after
washing cycles in water. In Figure S22a, the relative resistance
change of the sensor was examined after washing in DI water
from 1 to 10 cycles, with and without PDMS coating. It is
clearly seen that the PDMS coating protects the sensor from
increasing the resistance during the washing cycles owing to
the prevention of detaching the coating material by washing. In
contrast, there was a dramatic increase of the resistance
without PDMS coating. Even though the PDMS coating
enables the stability of the sensor over washing, the sensitivity
of the sensor was observed to be dramatically reduced after the
PDMS coating in Figure S22b. Here, the GF decreased from
46.3 to 0.4. Thus, we did not have PDMS coating for
protecting the sensor from water in this work. Figure 5c shows
that the strain sensor has excellent reliability during the
repetitive cycles of four sequential strains of 5, 10, 30, and 50%.
A fast response to the applied strain was also observed, and the
response time was estimated to be 50 ms under an applied
strain of 5%, as shown in Figure 5d. Furthermore, stable strain
sensing without any electrical drift was observed for over 10
min under a constant applied strain of 10% (Figure 5e).
Finally, the good durability of the fabricated sensor was
confirmed by repeating 10 000 cycles of 10% strain (Figure 5f).
These results demonstrate that our fabricated sensor exhibits
very stable and reproducible performance. In Figure S23, the
temperature coefficient of resistance of this strain sensor is
estimated to be −0.0038 °C−1 because both MWCNTs and
MoO3 NWs have a negative temperature coefficient and
exhibit a decrease in resistance with an increase in temper-
ature.51,52 Therefore, our strain sensor will not be affected by

changes in temperature, which is good for application as a skin-
attachable device.
To evaluate the practical application in all-in-one wearable

sensor systems, the supercapacitor and strain sensor were
stacked and electrically connected via liquid-metal Galinstan
(GaInSn) interconnections, as shown in Figure 6. The strain
sensor could be driven by using the power stored in the
supercapacitor. Figure 6a shows a schematic illustration and
optical images of the integrated system with a circuit diagram.
The integrated all-in-one textile system was sewn to a T-shirt
and a nylon glove to monitor various biosignals. As shown in
Figure S24, Cu wires (diameter: 0.1 mm) were utilized to link
the all-in-one system sewn outside of the sleeve with analyzers.
Two Cu wires were connected to electrochemical analyzer for
charging the supercapacitor. Another two Cu wires were
connected to measure the applied strain of the sensor by an
amperemeter. After the supercapacitor was fully charged, the
two Cu wires connected to the electrochemical analyzer were
removed. Figure 6b shows the current change in accordance
with precise tracking of a finger bending to different degrees
detected by the system sewn on a nylon glove. Additionally,
wrist bending could be distinguished, as shown in Figure 6c.
We confirmed the current change of the strain sensor driven by
a constant voltage of 1 V for finger and wrist bending motions
(Figure S25), and the same patterns were observed as those
detected with the sensor driven by the supercapacitor. The all-
in-one system was sewn inside a glove to detect real-time wrist
pulse signals under relaxation conditions (Figure 6d). The
results clearly display repeatable and regular pulse shapes
during relaxation with a frequency of 84 beats/min. As shown
in the inset, the optical image and magnified graph of the pulse
peak clearly reveal typical characteristics of the pulse waveform,
such as the percussion wave (P-wave), tidal wave (T-wave),
and diastolic wave (D-wave), demonstrating the high
sensitivity of our system. Figure 6e shows the change in
current for different elbow bending degrees monitored with
the all-in-one system sewn to a T-shirt in the elbow area. A
sharp change in the current due to the large strain applied by
increasing the elbow bending angle was observed.
Figure S26a shows the detection of constant applied strain

using the single supercapacitor as a power source for 2400 s.
Because we could not keep the output voltage of the
supercapacitor constant during the operation of the strain
sensor, we measured the normalized current change (ΔI/I0),
where I0 and I are the current before and after application of
strain in Figure S26b. ΔI/I0 remained constant when constant
strain (10%) was applied, confirming the reliable operation of
the sensor quantitatively. Figure S27 shows ΔI/I0 versus strain
curve of the strain sensor, where the resistance value of Figure
5a is replaced with the current. Figure S26b is exactly matched
with the data taken from the sensor with a 3 mL solution
coating of Figure S27, where the strain sensor was driven by an
external power supply. These results confirm that our all-in-
one system detects the strain reliably for 40 min,
corresponding to the strain measured with the same sensor
but driven by the external constant power source. Basically,
dramatically increasing the energy density of the super-
capacitor by designing an asymmetric electrode or extra circuit
to keep the output voltage of the supercapacitor constant
would be the solution to longer operation of the sensor.53,54

Finally, we evaluate the effect of encapsulation on the device
performance. Figure S28 compares the device performance
upon encapsulation via sewing a fabric layer. Figure S28a
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shows the optical image of the all-in-one system with an
encapsulation layer. As shown in Figure S28b,c, respectively,
there appears no change in the electrochemical performance of
the supercapacitor and the sensitivity of the strain sensor after
encapsulation process. Furthermore, we verify that the all-in-
one system can detect the elbow bending as observed with the
system without encapsulation (Figure S28d). It shows that the
encapsulation can help to lengthen the lifetime of our devices
by protecting them from external impact. These results
demonstrate the excellent performance of our all-in-one textile
system for monitoring of various human activities. In future
studies, more functionalities, such as encapsulation for
protection against sweat and energy harvesting for wireless
charging of the supercapacitor, will be added to the all-in-one
system for more practical wearable applications.

CONCLUSION
In this work, we proposed an all-in-one system consisting of a
supercapacitor and a strain sensor based on a stretchable textile
substrate for monitoring of biosignals. Both the supercapacitor
and strain sensor were deliberately fabricated on a stretchable
textile substrate; the former is in the course direction of the
fabric with a small change in resistance, but the latter is in the
wale direction with a large change in resistance under applied
strain. By controlling the mixing ratio and amount of
MWCNT/MoO3 NW nanocomposite, the capacitance of the
supercapacitor and the sensitivity of the strain sensor were
maximized. After the supercapacitor and the strain sensor were
integrated via the use of Galinstan liquid metal interconnec-
tions, the all-in-one system was sewn onto a T-shirt and a
nylon glove to detect joint movements and subtle wrist pulses.
This work demonstrates a facile fabrication process and
application of the dynamically stretchable high-performance
supercapacitor to power the integrated sensor in textile-based
stretchable all-in-one systems for monitoring of biosignals
while being worn for a long time without inconveniencing the
user.

METHODS
Preparation of the Dispersed MWCNT Solution. MWCNTs

(≥99 wt %, ≤13−18 nm outer diameter; Nano Integris) were refluxed
in concentrated sulfuric acid and nitric acid (3:1 v/v; Sigma-Aldrich)
at 70 °C for 3 h to prepare carboxylic-acid-functionalized MWCNTs
(MWCNT−COOH). These functionalized MWCNTs were rinsed
with DI water several times using a cellulose ester membrane filter
(pore size 0.2 μm, diameter 47 mm; Advantec MFS, Inc.). After
osmosis filtration with a tube cellulose membrane (average flat width
33 mm, average diameter 21 mm; Sigma), MWCNT−COOH was
finally obtained. Finally, MWCNT−COOH was dispersed in ethanol
(alcohol reagent, anhydrous, denatured, ACS, 94−96%; Alfa Aesar)
(1 mg/mL).
Synthesis of Molybdenum Trioxide Nanowires (MoO3 NWs).

Molybdenum trioxide was synthesized via a hydrothermal method.
Typically, 2 g of molybdenum powder (APS typically 2−4 μm, 99.9%;
Alfa Aesar) was added into 10 mL of DI water to form a uniform
mixture. Then, 20 mL of 30% (wt %) H2O2 was slowly added until
the solution became light yellow (dark blue to light yellow). The
solution was transferred to a Teflon-lined stainless-steel autoclave and
heated to 220 °C for 12 h. The precipitate was filtered and rinsed
several times with DI water and ethanol. The synthesized
molybdenum trioxide NWs were dispersed in ethanol (0.5 mg/mL).
Fabrication of the Stretchable Conductive Fabric Substrate.

MWCNT−COOH (1 mg/mL) and MoO3 NWs (0.5 mg/mL)
dispersed in ethanol were blended with various weight percent
compositions. The blended nanocomposite solution was spray- coated

on the stretchable fabric substrate (nylon (82%)/Spandex (18%)).
The nanocomposite solution was spray-coated at a 90° angle above
the substrate and 10 cm from the nozzle while the substrate was
heated at 80 °C.

Preparation of the Organic Gel Electrolyte. The organic gel
electrolyte consists of adding acetonitrile (ACN) (anhydrous, 99.8%;
Sigma-Aldrich) and propylene carbonate (PC) (anhydrous, 99.7%;
Sigma-Aldrich) using a syringe into a vial containing lithium
perchlorate (LiClO4) (battery grade, dry, 99.99%; Sigma-Aldrich).
Then, poly(methyl methacrylate)(PMMA) (averageMw ∼ 996 000 by
GPC, crystalline; Sigma-Aldrich) was slowly added into the solution
to enhance the viscosity, and the mixture was heated at 70 °C for 6 h.
The electrolyte has a weight percent composition of 39:39:7:15
(ACN/PC/LiClO4/PMMA).

Fabrication of the Stretchable Fabric Supercapacitor. For
the current collector, a PEDOT:PSS (Clevios PH1000) solution was
mixed with 5 wt % of P123 (poly(ethylene glycol)-block-poly-
(propylene glycol)-block-poly(ethylene glycol) (Mn = ∼5800, PEO20-
PPO70-PEO20, Pluronic P123, P123) and stirred at 800 rpm
overnight. The stretchable fabric substrate was dip-coated with the
P123-modified PEDOT:PSS conductive composite solution to
prepare the current collector of the supercapacitor. Then, the
substrate was cured in an oven at 130 °C for 30 min. Subsequently,
a MWCNT−COOH and MoO3-NW-blended nanocomposite sol-
ution was spray-coated on the substrate, and the gel electrolyte was
spread on the conductive fabric substrate. The two electrodes were
then assembled together.

Characterizations. The surface morphology and textile structure
of the MWCNTs, MoO3 NWs, and MWCNT/MoO3 nanocomposite
were investigated by obtaining SEM (Hitachi S-4800 and Quanta 250
FEG) images. Raman spectra were obtained (Horiba LabRam Aramis
IR2), and the wavelength of the laser and the power were 532 nm and
0.5 mW, respectively. X-ray diffraction (SmartLab, Rigaku) and X-ray
photoelectron spectroscopy (X-TOOL-ULVAC, PHI) measurements
were performed to investigate the chemical composition of the
hydrothermally synthesized MoO3 NWs. The electrochemical proper-
ties were obtained using CV, GCD, and electrochemical impedance
spectroscopy with an electrochemical analyzer (Ivium Technologies,
Compact Stat). The electrical characteristics of the strain sensor were
measured using a probe station (Agilent Technologies B1500A).

Electrochemical Measurements and Calculations. To eval-
uate the electrochemical performance of the individual electrodes and
fabricated stretchable supercapacitors, CV and GCD curves were
obtained in a three-electrode cell and two-electrode cell using an
electrochemical analyzer. In the three-electrode cell with 0.5 M
Na2SO4 electrolyte, Ag/AgCl electrode, Pt wire, and an individual
electrode were used as the reference, counter, and working electrodes,
respectively. The capacitance of the cell (Ccell) was calculated from the
GCD curves according to the following eq 4:

( )
C C

i
V
t

electrode cell d
d

= =
(4)

where i and dV/dt correspond to the discharge current and the slope
of the discharge curve, respectively. The specific capacitance of the
cell (Ccell,s) was calculated using the relation Ccell,s = Ccell/Mcell, where
Mcell is the mass loading of active material. The total mass of the active
material of the MWNCT/MoO3 nanocomposite was 1.4 mg. The
projection area and volume of the supercapacitor were 2 cm2 and
0.166 cm3, respectively. The specific energy density (Ecell,s) and power
density (Pcell,s) were calculated by the following eqs 5 and 6:
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where ΔV is the voltage window and tdischarge is the discharge time.
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