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We report a fractal-designed trans• ●parent
and stretchable microsupercapacitor (MSC).

The fabricated MSC exhibits trans• ●parency
of 79% with a capacitance of

•
•
•

12.6 mF cm−2.
● The MSC maintains electrochemical
performance after 2,000 stretching
cycles by 30%.
● The strain sensor (SS) can be driven
by the integrated MSC.
● The SS powered by the MSC detects
wrist bending and arterial pulses.
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We report on the fabrication of a fractal-designed transparent and stretchable (TS) microsupercapacitor (MSC) as
a skin-attachable energy storage device for driving an integrated strain sensor (SS). The MSC is designed to have
a fractal structure with long and narrow patterns to ensure high transparency and stretchability. MnO2/Carbon
nanotubes (CNTs) and 1-butyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide/poly(methyl methacrylate) ([BMIM][TFSI]/PMMA) are used as electrodes and a stretchable electrolyte for the MSC, respectively. The
fabricated MSC exhibits high transparency of 79% and an areal capacitance of 12.6 mF cm−2 at a current density
of 5 mA cm−2. The TS MSC shows excellent mechanical stability in that it can maintain stable electrochemical
performance even after 2000 repeated stretching cycles up to 30%. The TS SS is facilely prepared via spray
coating of Ag nanowires (NWs) and subsequent curing of PDMS, where the transparency and the electrical
resistance are controlled by adjusting the deposited volume of Ag NWs. Wrist bending and a wrist pulse are
detected by the SS driven with the stored energy of the MSC. This work demonstrates the possible application of
our TS MSC to future skin-attachable electronics as an integrated energy storage device.

1. Introduction

electronic devices that can be attached to or carried on the human
body, extensive studies on small, integrated energy harvesting and
storage devices have been performed.[1–4] In particular, body-

In accordance with the recent increasing interest in and demand for
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with a wide range of strain acceptance is required.[37–39] Carbonbased materials, such as graphenes and CNTs, have been actively used
in fabricating strain sensors.[40–43] However, the low stretchability of
graphene-based strain sensors and the low sensitivity of CNT-based
strain sensors limit their extensive application.[44–47] Silver nanowires (Ag NWs), with excellent electrical conductivity and high transparency, have been studied in various ﬁelds, including for use in
transparent and ﬂexible devices, solar cells, ﬁlm heaters, etc.[48–50]
However, the low adhesion between Ag NWs and deformable polymeric
substrates and the poor contact between adjacent Ag NWs in the repetitive stretching/releasing process have hindered more diverse applications of Ag NW-based sensors.
Even though there have been various reports on the development of
high-performance stretchable sensors for detecting environmental and
bio-signals, long-wire connections between the sensors and external
power supplies limited their wide applications including body-attachable devices.[51–53] Therefore, it is necessary to establish the integration technology of the energy storage devices and the sensors on a
single deformable substrate.
In this paper, we propose a novel strategy to fabricate a transparent
and stretchable (TS) as well as high electrochemical performance microsupercapacitor (MSC) as a skin-attachable energy storage device. A
fractal-designed TS MSC was fabricated using planar MnO2/CNT electrodes and the TS ionic electrolyte of [BMIM][TFSI]/PMMA. The fabricated TS MSC maintained stable electrochemical performance even
under 2000 repeated biaxial stretching cycles up to 30%. In order to
detect the biosignals, a strain sensor (SS) was facilely fabricated by a
simple spray coating of Ag NWs on PDMS and its subsequent curing.
The transparency and resistance of the SS could be adjusted by controlling the deposited amount of Ag NWs. After integrating the MSC and
SS on a single stretchable substrate, the SS could be driven by the MSC
to detect a wrist pulse as well as wrist bending. This work suggests a
possible route to fabricate a TS MSC as an integrated energy storage
device for driving the skin-attachable biosensor.

attachable devices should not experience degradation of their performance even under mechanical distortion such as stretching or bending
due to body movements, and they are recommended to have transparency considering their long-term wear, especially for the aesthetics.
[4–6] In addition, the importance of transparent wearable devices is
also emphasized for improving the security of civilian and military
applications. [7]
Recently, there has been a growing interest in low cost, high eﬃciency, high stability, eco-friendly, and reusable energy storage devices.
[8–12] Among the various energy storage devices, supercapacitors are
expected to be one of the next-generation energy storage devices because of their long cycle life, fast charge and discharge rates, and high
power density.[13,14] Supercapacitors are classiﬁed into electrical
double-layer capacitors (EDLCs) and pseudocapacitors depending on
their energy storage mechanism.[15,16] An EDLC uses carbon-based
materials, such as carbon nanotubes (CNTs) and graphene, as electrodes, which store energy by electrostatically accumulating charges on
the interfaces of the electrodes and electrolytes.[17,18] A pseudocapacitor accumulates electric charges via oxidation/reduction reactions
by electrolytic ions of electrode materials such as transition metal
oxides and conductive polymers.[19,20]
To implement a high-performance stretchable supercapacitor, the
proper materials for eﬃcient electrodes and stretchable structures must
be cautiously selected. Stretchable supercapacitors have been mainly
fabricated in two ways: First, stretchable structures can be introduced
such as wavy structure, kirigami-inspired structure, and pre-strained
buckled structure for electrode materials with low elasticity; however,
executing this process is very complicated, and ensuring suﬃcient
ﬂexibility is diﬃcult considering the high costs.[21–23] The other approach is to use low-elastic electrode materials with deformable substrates such as fabric, elastomer substrate, and elastic ﬁber. [24–26]
However, the supercapacitors fabricated via the second method exhibit
rather poor performance due to the use of a substrate with low conductivity and the high density of the electrode materials. Therefore, a
novel strategy to manufacture electrodes with high stretchability, as
well as high electrochemical performance, is required. [27]
Indium-doped tin oxide (ITO) is one of the most widely used electrode materials, with high transparency and conductivity. [28] However, ITO has been limited in its application to deformable devices due
to its low durability. [29] To obtain ﬂexibility after overcoming such a
demerit, various materials, including ultraﬁne thin ﬁlms, carbon-based
materials, conductive polymers, and metal nanowires with net structures, have been proposed. [30] Transparency is realized for most supercapacitors via coating and patterning of the aforementioned materials on transparent substrates. However, a randomly dispersed
electrode network increases the path of electrons and ions during the
charge/discharge process and simultaneously delays the ﬂow of electrons.[31] In addition, the transparency of electrodes is inversely proportional to the thickness of the electrode, while the capacitance is
directly proportional to the thickness. [32] Therefore, simultaneously
obtaining high transparency and high capacitance is not easy.
The fractal design or self-similar concept reported by Fan et al.[33]
gives high stability for stretchable electronic devices. Electronic devices
based on the fractal concept can have a great advantage of utilizing all
the limited space by controlling the fractal order, thereby improving the
stretchability. [34] It is also possible to get high transparency by controlling the opening ratio of the fractal designed substrate. Thus, the
application of such a fractal design combined with the use of transparent and conducting materials in fabricating a supercapacitor can be
an alternative route to the previously reported methods for the
stretchable and transparent energy storage devices.
A strain sensor is a device that responds to mechanical deformation
by exhibiting changes in electrical properties such as resistance or capacitance. Conventional strain sensors can be facilely fabricated but
suﬀer from low stretchability and sensitivity.[35,36] Especially in the
ﬁelds of biomechanics and physiology, a highly sensitive strain sensor

2. Experimental section
2.1. Synthesis of the stretchable electrolyte [BMIM][TFSI]/PMMA
The stretchable electrolyte was synthesized via modiﬁcation of a
previously reported work. [54] First, 500 mg of poly(methyl methacrylate) (PMMA, MW:990000 g mol−1, Sigma Aldrich) was added to
20 ml of acetone (for HPLC, ≥99.9%, Sigma Aldrich) and stirred until
clear. After adding 1 g of 1-butyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide ([BMIM][TFSI], Sigma Aldrich) to the solution, it was stirred at 400 rpm for 6 hr. PMMA has a very high solubility in acetone, and this solution also mixes well with [BMIM]
[TFSI].
2.2. Fabrication of the transparent and stretchable fractal-designed MnO2/
CNT microsupercapacitor
A silica substrate (SiO2, dry type 1000 Å, P type, Inexus Inc.) was
rinsed with acetone and DI water and simply dried with a N2 gas gun.
Then, polyimide solution (PI, DFCPI-101, Dongbaek Fine-Chem) was
spin coated on the SiO2 substrate (500 rpm for 10 s and 4000 rpm for
1 min) and cured on a hot plate at 260 °C for 4 hr. Cr and Au electrodes
were deposited on a PI/SiO2 substrate via an e-beam evaporation process (KVE-T4605, Korea Vacuum Tech). Then, the Au/PI surface was
modiﬁed with self-assembled monolayer treatment of (3-aminopropyl)
triethoxysilane (APTES) to increase the adhesion between the spraycoated CNTs and substrate. The prepared Au/PI was immersed in
10 mM APTES solution for 12 hr, modifying the surface to be hydrophilic due to the amine functional groups on the Au/PI substrate.
Multiwalled carbon nanotubes functionalized with carboxylic acid
groups (CNT-COOH) were synthesized through an acid treatment
2
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Fig. 1. (a) Schematic illustration and (b) photograph of a transparent and stretchable microsupercapacitor (MSC) integrated with a Ag NW strain sensor (SS). The
scale bar corresponds to 5 cm. Cross-sectional view of (c) the MSC and (d) SS. (e) Molecular structures of the components of the stretchable ionic electrolyte [BMIM]
[TFSI]/PMMA. (f) Transmittance spectrum of (red) [BMIM][TFSI]/PMMA, (green) the fractal MSC, and (orange) the Ag NW SS. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

2.3. Fabrication of the transparent Ag NW strain sensor

process. The acid treatment was as follows: 500 mg of CNTs (≥99 wt%,
≤13-18 nm OD, MW 30–141, Nanointegris) was mixed with 30 ml of
sulfuric acid (H2SO4, 99.999%, Sigma Aldrich) and 10 ml of nitric acid
(HNO3, 70%, ACS reagent, Sigma Aldrich). Then, this CNT acid solution
was reﬂuxed at 70 °C for 4 hr. After the reﬂuxing process, the CNT acid
solution was diluted with 1 l of deionized water (DI water) and cooled
to room temperature. Then, this solution was vacuum ﬁltered with a
mixed cellulose ﬁlter (0.2 μm, Advantec MFS, Inc.). To remove residual
acid from the ﬁltered CNTs, the CNTs were dispersed in DI water and
then dialyzed by a dialysis tubing cellulose membrane
(MW = 12000 g mol−1, Sigma Aldrich) in a DI water bath with stirring.
After dialysis, the dispersed CNTs were vacuum ﬁltered and dried at
room temperature. The dried CNTs were dispersed in DI water (1 g/L)
for the spray deposition process. A total of 10 ml of this CNT dispersion
solution was spray coated on the APTES-treated Au/PI substrate. Then,
the CNT/Au/PI substrate was immersed in a mixture of 500 ml of a
0.1 M KMnO4 (≥99%, ACS reagent, Sigma Aldrich) solution and 10 ml
of methanol (for HPLC, ≥99%, Sigma Aldrich) for deposition of MnO2
for 16 hr. Finally, we obtained a MnO2/CNT/Au/PI ﬁlm. Then, this ﬁlm
was patterned with a fractal design via an etching process based on
photolithography. First, the top CNT ﬁlm was etched with a fractal
pattern via a reactive ion etching process (RIE, 100 W, O2: 20 sccm, 130
mTorr, 30 s). Then, the Au and Cr ﬁlm were etched via a simple immersion process; wet etching was performed with a commercial Au
etchant (Transene, Gold Etch-Type TFA) and a Cr etchant (Aldrich,
Chromium Etchant). The fractal-designed MnO2/CNT/Au/PI was
transferred onto a PDMS elastomer substrate (polydimethylsiloxane,
PDMS, base:curing agent = 30:1) using commercial water-soluble tape
(WST, 5414 1 × 36, 3 M company). After the MnO2/CNT/Au/PI
transfer process, the WST was easily removed by DI water. A total of
50 μl of the prepared electrolyte [BMIM][TFSI]/PMMA was dropped on
the fractal-designed MnO2/CNTs, then dried at room temperature for a
day and vacuum dried for 12 hr. Finally, a fractal-designed MnO2/CNT
microsupercapacitor (MSC) with the stretchable electrolyte [BMIM]
[TFSI]/PMMA was fabricated.

The Ag NW strain sensor was fabricated by a simple fabrication
process. First, the commercial Ag NW dispersion solution (1 wt% DI
water dispersion, Dittotechnology) was spray-coated onto commercial
polytetraﬂuoroethylene ﬁlm (PTFE, Sigma Aldrich). Then, uncured
PDMS (base:curing agent = 30:1, weight ratio) was poured on this ﬁlm
and cured at 60 °C for 24 hr. After the removal of the PTFE ﬁlm from
the cured PDMS substrate, the Ag NWs were left on the PDMS surface.
2.4. Integration of the transparent and stretchable MSC with the strain
sensor
The fabricated MSC and strain sensor were placed on the front
surface of the device facing the bottom of a petri dish. Then, uncured
PDMS was poured onto the device and cured at 60 °C for 24 hr. Finally,
a transparent and stretchable MSC with a strain sensor was fabricated,
and each device was connected via externally connected Cu wires at
liquid metal contacts (Galinstan, Gallium Source Company).
2.5. Characterization
Scanning electron microscope (SEM, Quanta 250 FEG, FEI, Thermo
Fisher Scientiﬁc), FT-IR and Raman spectroscopy (LabRam ARAMIS
IR2, HORIBA JOBIN YVON), XPS (X-TOOL, ULVAC-PHI) and XRD
(SmartLab, Rigaku) were used to investigate the surface morphology
and chemical composition of the synthesized electrodes and electrolyte.
The electrochemical performance was evaluated by measuring CV
curves, galvanostatic charge/discharge curves, and the electrochemical
impedance (Ivium Technologies, Compact Stat).
3. Result and discussion
In Fig. 1, the schematic concept (Fig. 1a) and a photograph (Fig. 1b)
of the TS MSC integrated with the Ag NW SS are shown. The detailed
fabrication processes are explained in Fig. S1 and the Experimental
3
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at 1686 cm−1. [57] In the FT-IR spectrum of MnO2/CNTs, a peak is
observed at approximately 3255 cm−1 due to eOH stretching vibration.
[58] The absorption peaks at 1636 cm−1 and 1375 cm−1 correspond to
OeH bending vibrations combined with Mn atoms. [59] In Fig. 2g, the
Mn 2p X-ray photoelectron spectroscopy (XPS) results show the Mn2p3/
2 peak at 641.9 eV and the Mn2p1/2 peak at 653.5 eV. The diﬀerence in
energy between the two peaks is 11.6 eV, demonstrating the existence
of MnO2. [60] In Fig. 2h, the O1s spectrum shows binding energies
related to anhydrous MnO2 (Mn-O-Mn) at 529.4 eV and hydrated MnO2
(Mn-OeH) at 531.7 eV. [61] We synthesized the electrode material for
the MSC via bath deposition of MnO2 over a CNT network. As shown in
Fig. S6, the areal capacitance was measured for various deposition
times of MnO2 up to 16 hr. The capacitance was 0.46 mF cm−2 when
CNTs were used without MnO2, and it continuously increased with
increasing MnO2 deposition time, resulting in 12.6 mF cm−2 after
growth for 16 hr. The growth time was limited to 16 hr due to the
destructive inﬂuence on the subsequent fractal electrode fabrication
process beyond 16 hr of growth. As described in the experimental
section, the fractal-designed electrode can be fabricated via reactive ion
etching (RIE) after bath deposition of MnO2. As shown in Fig. S7, the
RIE process could not be performed on the electrodes with MnO2 deposited for longer than 16 hr, which also made subsequent processing
impossible. This limitation occurred because over-deposited MnO2
prevents etching of CNTs in the RIE process. [BMIM][TFSI]/PMMA was
used as a TS electrolyte. Fig. 2i shows FT-IR spectra for [BMIM][TFSI]/
PMMA, [BMIM][TFSI], and PMMA. The FT-IR spectrum of PMMA
presents two noteworthy peaks. The broad peak between 1081 cm−1
and 1219 cm−1 is due to ester bond (C-O) stretching vibration, and the
sharp peak at 1720 cm−1 corresponds to ester carbonyl group
stretching vibration. [62] The FT-IR spectrum of [BMIM][TFSI] exhibits
several peaks at ~ 783 cm−1 indicating the existence of C-S and S-N
stretching, an in-plane C–H bending peak of the imidazolium ring at
839 cm−1, a S-N-S stretching peak at 1052 cm−1, a N–H stretching peak
at 1213 cm−1, and a SO2 asymmetric stretching peak of the counter
anion of [TFSI]- at 1344 cm−1. [63] The FT-IR spectrum of [BMIM]
[TFSI]/PMMA exhibits all the peaks observed for [BMIM][TFSI] and
PMMA, indicating the formation of a well-mixed electrolyte. We can
synthesize a stable electrolyte for the TS MSC by controlling the weight
ratio of [BMIM][TFSI] to PMMA. Fig. S8 shows the change in capacitance with the variation of the weight ratio of [BMIM][TFSI] to PMMA
between 0.2 and 2.0 at an interval of 0.2. At a weight ratio of 0.2, a very
low capacitance of 0.089 mF cm−2 is obtained, while the capacitance
signiﬁcantly increases up to 12.6 mF cm−2 at a weight ratio of 2.0.
Above the weight ratio of 2.0, complete mixing of [BMIM][TFSI] with
PMMA cannot be achieved since the excess [BMIM][TFSI] compared to
PMMA induces leakage. Up to the weight ratio of 0.8, the electrolyte is
hard to deform; in contrast, it can be freely deformed while exhibiting
high transparency above this value up to the weight ratio of 2.0.
Therefore, we optimized the weight ratio of the electrolyte at 2.0,
where the highest transparency and stretchability as well as the highest
capacitance of our MSC could be obtained.
In Fig. 3, the electrochemical properties of the TS MSC are compared for electrodes of CNTs and MnO2/CNTs with the same TS electrolyte of [BMIM][TFSI]/PMMA. The cyclic voltammetry (CV) curves of
the two TS MSCs, measured at a scan rate of 10 mV s−1, present nearly
rectangular shapes in Fig. 3a, indicating the ideal behavior of the
electrode materials and current-voltage changes that occur at the same
time with rapid ion transfer. [64] The capacitance increases dramatically with deposition of MnO2 onto the CNTs. Fig. 3b shows the galvanostatic charge/discharge curves of the two diﬀerent electrode-based
TS MSCs at a current density of 10 μA cm−2. Both charge/discharge
curves exhibit symmetric triangular shapes with straight lines, which
appear for ideal supercapacitors. [65] The charge/discharge times for
the CNT and MnO2/CNT TS MSCs were estimated to be 23 s and 460 s,
respectively. In this study, we calculated all the electrochemical properties of the MSCs, such as the capacitance, energy density, and power

section. To achieve a TS integrated system consisting of an MSC and an
SS, novel strategies were adopted. As shown in the cross-sectional
scheme of Fig. 1c, our MSC consists of MnO2/CNTs as electrodes and
[BMIM][TFSI]/PMMA as a stretchable electrolyte on a PI/PDMS substrate. The MSC has two planar electrodes on the substrate with a
symmetric structure, and the MSC is designed based on a previously
reported fractal structure. [33] This fractal structure has a structural
self-similarity, with geometrical pieces similar to the whole when
subdivided into small parts, as shown in Fig. S2. The fractal design can
better support reinforced elastic deformations and biaxial, radial and
other deformation modes for the selected dimensions compared to
periodic serpentine-shaped networks. Therefore, we adopted this fractal
design for the fabrication of our stretchable MSC. In addition, we adjusted the width of the entire fractal-designed electrodes and the interspace between electrodes to ensure transparency, as shown in Fig.
S3, thereby achieving an opening ratio of 92.1%. The detailed opening
ratio calculation is given in Fig. S4. Furthermore, we were able to
achieve better transparency and stretchability of the MSC by applying
the TS ionic liquid-based electrolyte [BMIM][TFSI]/PMMA to our MSC.
[54] The molecular structures of individual components of the [BMIM]
[TFSI]/PMMA electrolyte are shown in Fig. 1e. Since the electrolyte
was in a solid-state, there appeared no leakage problem. In addition,
owing to the low vapor pressure of ionic liquids such as [BMIM] [TFSI]
at room temperature, the solid electrolyte prepared by mixing with
PMMA is expected not to result in serious risk of evaporation.[55,56]
A transparent SS based on Ag NW network for detecting body
movement and pulses was facilely fabricated via spray coating of a Ag
NW solution and subsequent curing of PDMS. Fig. 1d shows a crosssectional scheme of the Ag NW-based SS. The transparency and resistance of the SS could be optimized by adjusting the amount of Ag NW
solution. In particular, a strategy to increase the initial resistance of the
SS was adopted for long-term operation using the ﬁnite energy stored in
the integrated MSC.
By integrating the fabricated MSC and SS onto a single PDMS substrate, a TS sensor system could be obtained. The transmittances of the
electrolyte, fractal-designed MSC, and SS were measured to be 99%,
79%, and 79%, respectively, in the visible range of 550 nm, as shown in
Fig. 1f. This result signiﬁes the high transparency of our fabricated
devices.
In Fig. 2, the structural and chemical properties of the electrode and
electrolyte materials are given. A scanning electron microscopy (SEM)
image and a magniﬁed SEM image of the fractal-designed electrodes are
shown in Fig. 2a and 2b, respectively. Fractal-design patterned electrodes with an interspace of 3 μm between electrodes are clearly observed. Energy dispersive spectroscopy (EDS) measurements were performed to investigate the spatial distribution of the MnO2/CNT
component elements on the fractal-designed electrodes, as shown in
Fig. 2c. Au, C, Mn, and O are observed to be uniformly distributed over
the entire fractal-designed electrodes. Moreover, no elements exist in
the interspace between electrodes, signifying that our fabrication processes based on photolithography and etching functioned as desired. A
uniform distribution of electrode materials is important for eﬃcient ion
transfer between the electrode and electrolyte to achieve high electrochemical performance. Fig. 2d shows an SEM image of the CNT network
ﬁlm surface, showing a porous structure with pore diameters of
10–100 nm. Fig. 2e shows an SEM image of the MnO2/CNT network
ﬁlm, which also shows a porous structure with pore diameters of
10–20 nm. Such a nanoscale porous structure ensures a large speciﬁc
area and is expected to result in high electrochemical performance.
SEM images taken from the MnO2/CNTs ﬁlm with the increase of MnO2
growth time are also shown in Fig. S5. As the growth time increases, the
amount of MnO2 grown on the CNTs gradually increases and after 24 h,
the porous structure of the electrode surface is dramatically reduced.
Fig. 2f shows the Fourier transform infrared (FT-IR) spectra of CNTs
(black) and MnO2/CNTs (red). In the FT-IR spectrum of the CNTs, C]O
stretching of the carboxyl group of the functionalized CNTs is observed
4
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Fig. 2. (a) SEM image and (b) magniﬁed SEM image of fractal-designed electrodes. (c) EDS mapping of the fractal-designed electrodes showing the areal distributions
of Au, C, Mn, and O elements. SEM images of (d) CNT and (e) MnO2/CNT ﬁlms. (f) FT-IR spectra of CNTs (black) and MnO2/CNTs (red). XPS spectra of (g) the Mn 2p
peaks and (h) the O 1 s peaks. (i) FT-IR spectra of [BMIM][TFSI]/PMMA (red), [BMIM][TFSI] (green), and PMMA (blue). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

density, on an area metric. The areal capacitance (Ca, F cm−2) was
calculated by equation (1):

Ca (Fcm−2) =

I (A) × Δt (s )
ΔV (V ) × A (cm2)

is measurable on the X-axis. [67] The ESR values for the CNT and
MnO2/CNT TS MSCs were estimated to be 141 Ω and 98 Ω, respectively. The MnO2/CNT TS MSC has a smaller ESR value than the CNT TS
MSC, implying that the MnO2/CNT TS MSC has a smaller charge
transfer resistance. Both TS MSCs exhibit semicircular shapes of different sizes in the high-frequency region, indicating the larger contact
resistance of the electrolyte with the CNT electrode than with the
MnO2/CNT electrode. [68] This result is quite unexpected but can
probably be explained in terms of the chemical processes performed in
this work. As described in the experimental section, the fractal-designed
supercapacitor was fabricated via photolithography and a subsequent
etching process. To realize perfect etching, a much thinner CNT network ﬁlm compared to that used in our previous work was deposited.
[69] As a result, the CNT ﬁlm electrode might exhibit relatively low
conductivity with a low speciﬁc surface area at the electrode-electrolyte
interface. To solve such problems, we performed chemical bath deposition of MnO2, which further aﬀected the resultant electrochemical
properties of the fabricated supercapacitor. Similar results of improvements in the ion accessibility and transfer eﬃciency of carbonbased materials via deposition of pseudocapacitive materials were
previously reported.[70–72] In addition, the presence of impedance
graphs parallel to the Y-axis in the low-frequency region indicates a low
ion diﬀusion resistance within the electrode structure.[73] Fig. 3e

(1)

where I, Δt, ΔV, and A are the discharge current density (A), discharge time (s), discharge voltage (V), and electrodes area (cm−2),
indicating total square area as shown in Fig. S4. Fig. 3c shows the
change in the areal capacitance of the CNT and MnO2/CNT TS MSCs
with current density. The capacitances of the CNT and MnO2/CNT TS
MSCs were estimated to be 0.46 mF cm−2 and 12.59 mF cm−2 at a
current density of 10 μA cm−2, 0.43 mF cm−2 and 9.81 mF cm−2 at a
current density of 100 μA cm−2, and 0.32 mF cm−2 and 7.69 mF cm−2
at a current density of 500 μA cm−2, respectively. In addition, a very
small standard deviation of the capacitance, indicated by the error bars,
was calculated from 10 diﬀerent TS MSCs, suggesting the high reproducibility of our TS MSCs. Fig. 3d shows Nyquist impedance plots in
the frequency range of 1 MHz to 0.1 Hz. Through this impedance
analysis, transfer of charges and ion diﬀusion characteristics in the TS
MSCs with frequency changes can be determined. The virtual region of
Z'’ (Y-axis) represents the capacitive parameter, and the actual component of Z (X-axis) represents the ohmic parameter. [66] The
equivalent series resistance (ESR), indicating charge transfer resistance,
5
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Fig. 3. Electrochemical performance of the MSCs with CNTs (red) and MnO2/CNTs (black). (a) CV curves at a scan rate of 10 mV s−1. (b) Galvanostatic charge/
discharge curves at a scan rate of 10 μA cm−2. (c) Areal capacitance from 15 diﬀerent MSCs with error bars. (d) Nyquist impedance plots. (e) Ragone plot. (f)
Capacitance retention in the charge/discharge cycles at a scan rate of 100 μA cm−2. The inset shows the charge/discharge curves for the 1st and 10000th cycles. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

shows Ragone plots of the energy density (E, Wh cm−2) versus the
power density (P, W cm−2). The energy density and power density were
calculated by equations (2) and (3):

C (Fcm
E (Whcm−2)= a

P (Wcm−2)=

by equation (4):

εbiaxial =

(l ' − l )
l

(4)

−2 )

× ΔV 2 (V )
7200

E (Whcm−2)
× 3600
Δt (s )

where l and l' are the length of the initial and stretched states of the
TS MSC, respectively. The strain distribution of the fractal-designed TS
MSC was analyzed using the ﬁnite element method (FEM). Fig. 4b
shows optical images and results of the FEM analysis of the smallest
change unit of the fractal-designed TS MSC with increasing biaxial
stretching. The top two images were obtained from the TS MSC in
stretching states of 0% and 20%. As shown in the images, the fractaldesigned TS MSC reliably stretches without any disconnection. The
bottom images of Fig. 4b are from the analysis of the strain distribution
when the TS MSC was stretched in biaxial directions by 0, 5, 10, 15, 20,
25, and 30%. The results of the FEM analysis in quarter view are shown
in Fig. S11. As clearly conﬁrmed, the narrow and long fractal-designed
pattern works well without a noticeable problem even when stretched
by 30% in biaxial directions, as reported by Fan et al.[33] Fig. S12
shows an analysis of the strain distribution when the TS MSC was
stretched in a uniaxial direction by 0, 5, 10, 15, 20, 25, and 30%. Fig. 4c
and 4d show the CV curves and galvanostatic charge/discharge curves
measured after biaxially stretching the TS MSC by 0%, 5%, 10%, 20%,
25%, and 30%. No noticeable degradation of the electrochemical performance is observed upon stretching deformation, with a negligible
change within 2%. Fig. 4e shows the capacitance retention obtained
after repeated stretching of the TS MSC up to 30%. The capacitance
retention was calculated from the galvanostatic charge/discharge
curves measured at every 50 stretching cycles. The TS MSC maintains
96% of its initial capacitance after 2000 repeated stretching cycles,
conﬁrming the mechanical stability of our TS MSC.
To detect biosignals using the energy stored in our TS MSC, a
transparent Ag NW-based SS was fabricated via simple spray coating of
Ag NW solution onto PDMS and subsequent curing of the PDMS elastomer. As shown in Fig. S13, the transmittance of the SS as a function of
the deposited volume of Ag NW solution was investigated. In this work,
we used 0.5 ml cm−2 Ag NWs for the SS with a transparency of 79% at a

(2)

(3)

where E, P, Ca, ΔV, and Δt represent the energy density (Wh cm−2),
power density (W cm−2), areal capacitance (F cm−2), voltage range
(V), and discharge time (s). The maximum energy density of the CNT TS
MSC is 0.04 μWh cm−2 at a power density of 7.94 μW cm−2, and that of
the MnO2/CNT TS MSC is 1.12 μWh cm−2 at a power density of
3.99 μW cm−2. Fig. 3f shows the cycling stability, determined through
repeated charge/discharge cycles of the two TS MSCs at a current
density of 100 μA cm−2. The CNT TS MSC and MnO2/CNT TS MSC
maintained 82% and 75% of the initial capacitance, respectively, after
10000 repeated charge/discharge cycles. Through the analysis of the
electrochemical properties in Fig. 3, we conﬁrmed that the MnO2/CNT
TS MSC has improved electrochemical characteristics compared to the
CNT TS MSC. In addition, the fabricated MnO2/CNT TS MSC was placed
in the air, and the capacitance retention according to the time elapsed
was measured, as shown in Fig. S9. When the TS MSC was exposed to
air at room temperature, 92% of the initial capacitance was maintained,
even after 360 hr. Fig. S10 shows an optical image of the integrated
system consisting of the TS MSC and a commercial liquid crystal display
(LCD) watch connected via an external copper wire. Once the TS MSC
of the integrated system was charged, the LCD could be driven for
approximately 5 min. Considering the very small surface coverage of
the fractal-designed electrodes, ~8%, our MSC is appealing as a suﬃcient energy source for electronic devices.
Fig. 4 shows the mechanical stability of the fractal-designed TS MSC
in biaxial stretching. Optical images of the hand-held TS MSC before
and after biaxial stretching along the directions of the orange arrows
are given in Fig. 4a. The applied biaxial strain (εbiaxial) was calculated
6
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Fig. 4. (a) Schematic deﬁnition of the biaxial strain εbiaxial. (b) Top-view optical images (top) and FEM analysis of a fractal-designed MSC in various biaxial stretching
states. (c) CV curves and (d) charge/discharge curves for various applied biaxial strains. (e) Capacitance retention with repetitive stretching to 30%.

powered by both the integrated MSC and an external power supply after
attachment of the whole system onto the wrist skin. Those conﬁgurations can be compared in Fig. S15. Fig. 5c shows a photograph of the TS
integrated system consisting of the MSC and SS attached to a wrist to
detect wrist movements. Tensile strain is applied to the TS integrated
system in the direction of the black arrow when the wrist is bent, as
shown in the inset photograph. Such movement of the wrist is observed
as a current change in Fig. 5d. The top and bottom graphs were measured by applying an external constant voltage of 0.8 V and our integrated MSC to the sensor, respectively. Here, the red and blue arrows
represent the wrist motions of bending and straightening, respectively.
A current of ~750nA ﬂowed before bending of the wrist, but the current decreased to ~250nA upon bending due to the increase in the
resistance. We repeated these wrist bending (B1, B2, B3, B4, and B5)straightening (F1, F2, F3, F4, and F5) cycles ﬁve times at intervals of 4 s,
and a constant current change from 750 to 250nA was observed. The
same bending (B6, B7, B8, B9, and B10)-straightening (F6, F7, F8, F9, and
F10) cycles were also repeated with our integrated system consisting of
the MSC and SS. Unlike the case with the use of an external power
system, the current ﬂow gradually decreased with time. Such a decrease
in current is caused by the limited capacitance of the MSC. However,
we conﬁrmed that the sensor can detect the bending and straightening

wavelength of 550 nm. An SEM image of the fabricated Ag NW SS
before stretching (0%) is shown in Fig. 5a, where the Ag NWs form a
porous network structure. Upon stretching by 30%, the Ag NWs are
aligned along the stretching direction but still maintain the percolated
network, as shown in the inset SEM image. Fig. 5b shows the relative
resistance (ΔR/R0) vs. strain curve with the increase of strain, where the
slope exhibits the gauge factor. The gauge factor is deﬁned following
the equation (5):

Gaugefactor =

ΔR/ R 0
ε

(5)

where ΔR, R0, and ε represent the change of resistance upon application of strain, the resistance at a strain of 0%, and the applied
strain, respectively. The gauge factor is estimated to be 32.8 at 30%.
The inset of Fig. 5b exhibits the current–voltage (I-V) curves obtained
from the Ag NW SS for various strains of 0%, 10%, 20%, and 30%. The
linear dependence of the current change on the voltage change signiﬁes
that the fabricated Ag NW SS is a resistor-type sensor. The sensing
mechanism of the Ag NW SS for an applied strain is shown in Fig. S14.
As the PDMS is stretched due to the applied strain, the distance between
adjacent Ag NWs on the PDMS is increased, thus increasing the resistance. Wrist movements and pulses were measured using the SS
7
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Fig. 5. (a) SEM image of a Ag NW network on PDMS before stretching (0%). The inset is an SEM image under 30% stretching. (b) The relative change in resistance
(ΔR/R0) versus strain curves of the Ag NW strain sensor taken for various stretching states from 0 to 30%. (Inset) I-V curves of the sensor taken with variation of strain
from 0 to 30%. (c) Photograph of wrist bending with a skin-attached MSC-SS system. (d) Current change of the Ag NW SS with wrist motion, where red and blue
arrows correspond to bending and straightening, respectively. The top and bottom graphs are obtained from the SS driven by an externally applied constant voltage
of 0.8 V and by our MSC, respectively. (e) Photograph of the integrated system attached to the skin of the wrist. (f) Resistance change of the Ag NW SS with the wrist
pulse. The top and bottom graphs are obtained from the SS driven by an externally applied constant voltage of 0.8 V and by our MSC, respectively. (For interpretation
of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.

of the wrist regardless of the power source. Fig. 5e shows a photograph
of our wrist-attached TS integrated system measuring the wrist pulse of
a 30-year-old male graduate student. Here, the integrated system was
lightly placed on the wrist, and pulse detection was performed. A liquid
metal, Galinstan, was deposited on each electrode pad of the MSC and
sensor, and these pads were connected through copper wires, as shown
in Fig. 1a. Fig. 5f shows the pulse measurement data obtained from the
sensor driven by an external power source and the energy stored in the
MSC. Both graphs show similar resistance changes, regardless of the
power source. Sixteen pulse signals were detected in 10 s at uniform
intervals. These results demonstrate that both large strains induced by
wrist bending and small ones due to wrist pulses can be detected using
the SS driven by the integrated TS MSC.
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