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ABSTRACT: A soft, stretchable, and fully enclosed selfcharging power system is developed by seamlessly
combining a stretchable triboelectric nanogenerator with
stretchable supercapacitors, which can be subject to and
harvest energy from almost all kinds of large-degree
deformation due to its fully soft structure. The power
system is washable and waterproof owing to its fully
enclosed structure and hydrophobic property of its exterior
surface. The power system can be worn on the human body
to eﬀectively scavenge energy from various kinds of human
motion, and it is demonstrated that the wearable power source is able to drive an electronic watch. This work provides a
feasible approach to design stretchable, wearable power sources and electronics.
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discharging rates compared with batteries and conventional
dielectric capacitors.17−21 Therefore, a stretchable self-charging
power system combining a stretchable TENG and stretchable
SCs is a promising solution. Up to now, the self-charging power
systems that have been reported focus on converting ambient
energy to a direct power source, but they were not stretchable,
which cannot satisfy the need for stretchable electronics.22−26
Recently, there have been studies about stretchable TENGs
based on stretchable or wavy-structured polymers and
stretchable SCs based on conductive buckled structures or
ﬁber springs.27−33 Still, further research is highly required to
extend the stretchability, optimize the device structure, improve
the performance, and subsequently create a proper integration
of the two parts. In addition, a self-protection from the external

tretchable and wearable electronics have been an
emerging class of electronics that enable a wide range
of applications such as electronic skins, implantable
devices, robotics, and prosthetics.1−5 Consequently, the
development of stretchable power sources for such devices is
highly demanded with the possibility that they can harvest
energy from the environment in which the device is deployed.
The triboelectric nanogenerator (TENG) is an attractive
renewable power source due to its advantages of low cost,
light weight, high eﬃciency, and eco-friendly feature.6−16
However, the electrical outputs generated by a TENG are
pulses and sometimes with irregular magnitudes owing to the
uneven strength of the mechanical motion. To enable it to
serve as a direct power source for most electronic devices that
need a constant direct-current supply, it is necessary to
integrate the TENG with an energy storage device. For this
purpose, a supercapacitor (SC) is a choice because of its high
power and energy density, cycle eﬃciency, and charging/
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Figure 1. Structure design of a stretchable, fully enclosed self-charging power system. (a−c) Schematic diagram showing the detailed structure
of the power system: (a) perspective view of the power system; (b) cross-sectional view of the TENG part; (c) cross-sectional view of the SC
part. (d) Photograph showing the power system in the twisted state. (e) Photograph showing the SC in the bent state. (f, g) SEM images of
the surface morphology of the TENG’s electrode (f) in the original state and (g) in the stretched state. Scale bar: 1 μm. (h) Relationship
between the resistance of the TENG’s electrode and the tensile strain. (i, j) SEM images of the surface morphology of the SC’s electrode (i) in
the original state and (j) in the stretched state. Scale bar: 1 μm. (k) Relationship between the resistance of the SC’s electrode and the tensile
strain.

RESULTS AND DISCUSSION
The structure of the SSCPS is schematically depicted in Figure
1a−c, which seamlessly integrates a TENG and two SCs in
series. The two triboelectric parts of the stretchable TENG
include a layer of stretchable electrode (70 mm × 38 mm × 200
μm) and a layer of silicone rubber (thickness: 200 μm) with the
corresponding stretchable electrode on the top (Figure 1b).
There is an air gap (∼1 cm) between the two triboelectric parts
to realize the contact and separation of the two parts and
thereby the generation of the electrical outputs. The stretchable
electrode (resistivity: ∼0.30 Ω × m) of the TENG is a
compound of carbon black (CB) and silicone rubber, which will
be called a CB electrode in the following. To enhance the
triboelectric charge density of the two triboelectric surfaces and
increase the contact area between the two triboelectric
parts,34,35 nano/microstructures were created on the surfaces
of the two triboelectric parts by using sandpaper. As exhibited
in Figure 1c, the stretchable SC (5 mm × 5 mm) consists of
two stretchable electrodes and a wrinkled separator (polyethylene), with poly(vinyl alcohol) (PVA)/phosphoric acid

environment is preferable for stretchable power sources so as to
adapt to real-word conditions.
Here, we introduce a kind of self-charging power system that
can not only be bent but also be stretched, compressed, twisted,
and deformed into complex, curvilinear shapes, and all such
deformation can be converted into electricity. The stretchable
self-charging power system (SSCPS) seamlessly integrated a
stretchable TENG and stretchable SCs, with the TENG part
converting diverse motion into electricity and the SC part
storing the harvested energy. The SC was fabricated based on
two intrinsically stretchable electrodes, while the TENG and
the whole SSCPS were constructed through casting liquid
silicone rubber into molds. The SSCPS was washable and
waterproof due to its fully enclosed structure and the
hydrophobic property of its external surface. The SSCPS was
applied to eﬀectively collect energy from various human
motions and serve as a direct power source to drive an
electronic watch.
B

DOI: 10.1021/acsnano.6b03007
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 2. Individual performance of the TENG part under various deformations. (a) Photographs showing the device under various
deformations. Scale bar: 20 mm. (b−e) Short-circuit transferred charge density (Δσsc) of the TENG part when the device is under (b)
pressing, (c) stretching, (d) bending, and (e) twisting motion. (f) Dependence of the Δσsc on the distance between the contacting object and
the device under pressing motion. (g) Summarized relationship between the Δσsc and the elongation of the device. (h) Dependence of the
short-circuit current on the frequency. (i) Dependence of the open-circuit voltage (Voc) and short-circuit transferred charge on the frequency.
(j−l) Demonstration of the TENG part harvesting energy from (j) patting the shoulder, (k) rotating the wrist, and (l) bending the arm.

(H3PO4) gel as the electrolyte. The stretchable electrode of the
SC (resistivity: ∼0.46 Ω × m) was fabricated by coating a
composite of active material (soluble polypyrrole (PPy)) and
conducting additive (CB) on the surface of the CB electrode. A
silicone rubber wrapper was utilized to package the SC. The
ﬂexible, wrinkled separator prevents short-circuiting between
the two stretchable electrodes of the SC. Figure 1d and e show
an SSCPS in the twisted state and an SC (10 mm × 18 mm) in
the bent state, respectively. The nano/microstructured surface
morphologies of the TENG’s and SC’s stretchable electrodes in
the original state and the stretched state are presented in Figure
1f,g and i,j. Although the resistances of the TENG’s and SC’s
electrode both increase with elongation (Figure 1h,k and Figure
S1), this increase is acceptable and will have little negative
impact on the system’s performance. For the TENG part, its
high inherent impedance enables the resistance of its electrode
to vary within a wide range with little performance degradation
(Note S1); for the SC part, the increasing resistance of the
electrode leads to a very small decline in its performance (will
discuss in detail later). The integration of the TENG part, SC
part, and rectiﬁer was achieved by casting liquid silicone rubber
into a mold, where the three parts were combined after the
silicone rubber cured. Details of the fabrication processes of the
stretchable electrodes, the SC, and the SSCPS can be found in
Figure S2 and the Experimental Section.
Due to its excellent ﬂexibility and stretchability, the SSCPC
can operate under diverse deformation without any mechanical
failure. The individual performance of the TENG part of the
SSCPC is presented in Figure 2. By pressing, stretching,

bending, or twisting the device (Figure 2a), electrical outputs
were generated. The measured short-circuit charge density
(Δσsc) signals upon such kinds of motion are presented in
Figure 2b−e, while the open-circuit voltage (Voc) and shortcircuit current density are presented in Figure S3. It can be seen
that the TENG part can reveal a Voc of as high as ∼400 V and a
Δσsc of as high as ∼97 μC m−2 by extracting energy from
human motion. The TENG part exhibits higher electrical
outputs under pressing motion than under other kinds of
motion for three reasons. First, there is a much larger relative
displacement between the two triboelectric parts under a
pressing motion. Second, the two soft triboelectric parts have a
much more eﬀective contact area under the pressing motion.
Third, under a pressing motion, besides the relative displacement between the two triboelectric parts, the contact/
separation between the human hand and the device also
contributes to the electrical outputs. In Figure 2c,d and Figure
S3b,c, the TENG part exhibits higher electrical outputs under
bending motion than under stretching motion. This is because
for the electrical outputs under bending motion the two
triboelectric parts have a larger relative displacement and more
eﬀective contact area, whereas for the electrical outputs under
stretching motion, the relative displacement is too small to even
induce a contact between the two triboelectric parts. The
schematic illustration of the working mechanism under diverse
deformation is exhibited in Figure S4, which is based on the
coupling of the triboelectric eﬀect and electrostatic induction.
Since the silicone rubber has a high ability to attract electrons, it
will become negatively charged after contacting a material
C
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Figure 3. Individual performance of the SC. (a) Electrochemical impedance spectroscopy, with the inset showing the capacitance versus
frequency. (b) Cyclic voltammetry curves of the SC at diﬀerent scanning rates. (c) Galvanostatic charging/discharging proﬁles at diﬀerent
current densities of the SC. (d) Stability test of the SC, with the inset showing the charging/discharging curves before and after 10 000 cycles.
(e, f) Electrochemical impedance spectroscopy of the SC in the stretched state: (e) imaginary part of the impedance at diﬀerent frequencies.
Scale bar: 5 mm. (f) Capacitance versus frequency.

(from ∼2.01 μA at 1 Hz to ∼3.66 μA at 10 Hz), while the
short-circuit transferred charge (∼32 nC) and the Voc (∼116
V) remain unchanged. Note that the pressing displacement was
kept the same at diﬀerent frequencies. The device can be
mounted on curved and soft parts of the human body, such as
the joints and the shoulder. Figure 2j−l and Supporting Movies
S1−3 show that the TENG part of the SSCPC can eﬃciently
harvest energy from everyday human motion, such as patting
the shoulder, bending the arm, and rotating the wrist.
The performance of the stretchable SC, including ionic
conductivities, capacitance, kinetic analysis, and cycle ability,
was characterized through electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and galvanostatic
cycling (GC). Note that the SC has a highly scalable fabrication
process and the size of the tested SCs is 10 mm × 18 mm.
Figure 3a shows the EIS curve at open circuit voltage, and it can
be seen that the imaginary part of the impedance at low
frequencies is almost vertical to the real part, indicating an ideal
capacitive behavior. The capacitance as a function of frequency
presents a stable high-capacitance plateau at the lowfrequencies area, which is 2.4 mF at 10 mHz, suggesting a
fast charging/discharging ability (inset of Figure 3a). The
rectangle-like CV curves at scanning rates from 5 to 50 mV/s
demonstrate the very fast electrochemical switching ability of
the SC (Figure 3b). The GC charging/discharging curves at
three currents (5, 10, and 20 μA) are all close to a straight line
(Figure 3c), which further validates the ideal capacitive
behavior of the SC. The capacitance is calculated from the
discharging curves with values of 2.8 and 2.6 mF obtained at
current loads of 5 and 20 μA, respectively. It should be noted
that the value of the capacitance calculated from the GC data is
slightly higher than that calculated from EIS data, which can be
attributed to the redox switch hysteresis. The SC is very stable
and reliable in operation. As shown in Figure 3d, the
capacitance is maintained after 10 000 cycles, and the GC
curves remain almost the same before and after the cycling test,
especially in the charging process. The SC is highly stretchable

having a lower ability to attract electrons, leaving the material
positively charged. The TENG part can work in the attachedelectrode mode, the single-electrode mode, and a combination
of the two modes. The attached-electrode mode refers to the
contact electriﬁcation inside the TENG part. The change of the
distance between the top silicone rubber and the bottom
stretchable electrode due to deformation induces an electrical
potential diﬀerence between the two electrodes of the TENG in
the open-circuit condition, which drives electrons to ﬂow
through the external load in the short-circuit condition. The
repeated approaching and separation of the two triboelectric
parts produces an alternating current. The single-electrode
mode refers to the contact electriﬁcation between the device
and an external object. The approaching and separation
between the external object and the outer surface of the device
can lead to the electric potential diﬀerence between the two
electrodes and trigger the charge transfer between the two
electrodes. If the external object causes deformation of the
device, both working modes will contribute to the electricity
generation. When the distance between the object (an acrylic
plate was utilized in the experiment) and the device becomes
larger under pressing motion, there is an increase of the
measured short-circuit transferred charge density (Δσsc) from
∼11.22 μC m−2 to ∼36.6 μC m−2 (Figure 2f) and the Voc from
∼86.68 to ∼223.81 V (Figure S5a). Note that the maximum
electrical outputs under pressing motion shown in Figures 2f
and S5a are smaller than that in Figures 2b and S3a because the
relative displacement between the two triboelectric parts
(device deformation) is smaller for the outputs in Figures 2f
and S5a than that in Figures 2b and S3a. For the stretching
deformation, it has been found that the measured Δσsc (Figure
2g) and Voc (Figure S5b) increase with increased stretching of
the device. This is because the relative displacement between
the two triboelectric parts increases with the increasing
elongation of the device. When the device is periodically
pressed by an acrylic plate driven by a shaker, the generated
current of the TENG increases with the increasing frequency
D
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Figure 4. Performance of the stretchable self-charging power system. (a) Charging curve of the SC by patting the shoulder. (b) Charging curve
of the SC by bending the leg. (c) Charging curve of the SC before and after the power system was washed with water. (d) Circuit diagram of
the power system with a load. (e) Photograph showing an electric watch driven by the self-charging power system.

and can endure a strain of 100% while suﬀering only a small
decrease in performance. Figure 3e shows that when the SC is
stretched, there is a slight right shift of the imaginary part in the
EIS curve at low frequencies, and the capacitance as a function
of frequency shows a tiny decrease under stretching (Figure 3f).
This can be attributed to the increasing resistance of the SC’s
electrodes with the stretching (Figure 1k). To create an
eﬃcient self-charging process, it is favorable that the supercapacitor has a low leakage current. The low leakage nature of
the stretchable SC enables it to be eﬃciently charged by the
TENG.
The self-charging behavior of the SSCPS was realized by
connecting the TENG with two SCs in series through a rectiﬁer
that was put at the end of the device. Note that the size of the
rectiﬁer is much smaller compared with the whole device
structure, and the silicone rubber has a very high stretchability
(elongation at break is 900%) and a large tolerance for chipscale unstretched components; therefore, the rectiﬁer has nearly
no impact on the stretchability and performance of the SSCPS.
Figure 4 demonstrates the self-charging process of the SSCPS
through extracting energy from human motion. When the
SSCPS is mounted on the human shoulder, the SC of the
SSCPS is charged at a rate of ∼104 mV/min by patting the
shoulder with the hand at ∼1.3 Hz (Figure 4a), indicating an
equivalent galvanostatic current of ∼337 nA (the detailed
calculation process can be found in Note S2), and when the
SSCPS is laminated on the knee joint, the SC is charged at a
rate of ∼31 mV/min through bending the leg at ∼1.1 Hz
(Figure 4b). Moreover, the fully enclosed structure of the

SSCPC and the hydrophobic property of the silicone rubber
enable the device to be washable and waterproof. As shown in
Figure 4c and Supporting Movie S4, water cannot permeate the
SSCPS and slides down along the outer surface of the SSCPS.
The charging curves of the SSCPS before and after being
washed with water nearly have the same gradient (charging
rate: ∼178 mV/min), indicating its reliability in operation. By
pressing the SSCPS with hand at ∼1.3 Hz for a total time of
about 8 min, the SSCPS can drive a wearable electronic watch
for about 16 s (Figure 4e and Supporting Movie S5). It can be
seen that the SSCPS can serve as a direct power source for
wearable electronics by converting human motion into
electricity.

CONCLUSION
In summary, a type of stretchable and fully enclosed selfcharging power system was developed and investigated, which
seamlessly integrates a stretchable TENG that harvests energy
and stretchable SCs that store the harnessed energy. The whole
device was made of soft materials so that it can endure and
extract energy from any kind of deformation. The fully enclosed
structure and the hydrophobic property of the outer surface
enabled the power system to be washable and waterproof. The
power system was mounted on the human body to extract
energy from diverse human motions, and it was able to drive an
electronic watch. The TENG component, the SC component,
and the integrated power system all have highly scalable
fabrication processes. This work represents a promising route
E

DOI: 10.1021/acsnano.6b03007
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano
to develop stretchable and wearable energy harvesters and
power sources for stretchable and wearable electronics.

Figures S1−S5 (PDF)
Supporting Movie S1 (MP4)
Supporting Movie S2 (MP4)
Supporting Movie S3 (MP4)
Supporting Movie S4 (AVI)
Supporting Movie S5 (AVI)

EXPERIMENTAL SECTION
Fabrication of the Stretchable Electrode (the CB Electrode).
1. Mix the base and curing agent of the silicone rubber (Ecoﬂex 00-30)
(1:1, volume ratio) in a beaker. 2. Blend carbon black with the liquid
silicone rubber (1:12, weight ratio). 3. Smear the composite over a
piece of acrylic plate. Note that the acrylic plate was preprocessed with
a release agent. 4. Cure the composite at a temperature of 30 °C for 5
h. 5. Peel the cured soft composite layer oﬀ the acrylic plate, which is a
conductor. Note that the thickness of the stretchable electrode can be
controlled by attaching layers of tape on the edge of the acrylic plate.
Fabrication of the Stretchable Supercapacitor. 1. Cut two
pieces of the CB electrode to the same size. 2. Coat a composite of
soluble polypyrrole and carbon black (4:1) on the surface of the CB
electrode. 3. Prepare the PVA/H3PO4 gel electrolyte: (1) add ﬁrst 5 g
of H3PO4 and then 5 g of PVA powder into 50 mL of deionized water;
(2) heat the mixture to 85 °C and stir the solution until it becomes
clear. 4. Immerse the electrodes obtained from step 2 into the PVA/
H3PO4 solution for 10 min, with the two ends of the electrodes kept
above the solution. 5. Take the electrodes out of the PVA/H3PO4
solution and sandwich the two face-to-face electrodes with a wrinkled
layer of polyethylene. Note that the wrinkled polyethylene was
prewetted with the PVA/H3PO4 solution. 6. The two ends of the
electrodes serve as the electrode terminal. 7. Package the sandwiched
electrodes with a silicon rubber wrapper.
Fabrication of the Stretchable Power System. The fabrication
process is schematically depicted in Figure S2. 1. Pour the liquid
silicone rubber into a mold. Note that two stretchable CB electrodes
were prefabricated onto the mold. 2. Cure the silicone rubber at 30 °C
for 5 h. 3. Peel oﬀ the cured rubber from the mold to get the
triboelectric nanogenerator part. 4. Pour the liquid silicone rubber into
a mold. 5. Put two serially connected SCs and the rectiﬁer onto the
silicone rubber when it becomes sticky. 6. Put the TENG part into the
mold, ﬁxing the TENG part by using a holder. 7. Fill the mold with
liquid silicone rubber. 8. Cure the silicone rubber at room temperature
for at least 24 h. All the parts must be kept still during the curing
process. 9. Take the cured device out of the mold. Note that the liquid
silicone rubber should be degassed before being poured into the
molds.
Experimental Arrangements. 1. Inﬂuence of the distance
between the contact object and the device on the performance: (1)
ﬁx the device in the moving direction of a linear motor; (2) attach an
acrylic plate on the linear motor and set the distance between the
acrylic plate and the device; (3) the periodic movement of the linear
motor leads to the contact/separation of the device and the acrylic
plate. 2. Inﬂuence of the stretching on the performance: (1) ﬁx one
end of the device; (2) attach the other end of the device onto a linear
motor, which will periodically stretch the device. 3. Relationship
between the current and frequency: a shaker (Labworks SC121) was
applied to drive the contact/separation between the device and an
acrylic plate.
Measurement. The surface morphologies of the silicone rubber,
the stretchable CB electrode, and the SC’s stretchable electrode were
characterized by a Hitachi SU8010 ﬁeld emission scanning electron
microscope. The capacitance properties of the supercapacitor were
tested by a potentiostat (Princiton Application Research) using EIS,
CV, and GCD techniques. For the electrical output measurements of
the triboelectric nanogenerator part, a programmable electrometer
(Keithley model 6514) was utilized to test the open-circuit voltage and
the charge, and a low noise current preampliﬁer (Stanford Research
System model SR570) was adopted to test the short-circuit current.
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