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ABSTRACT: Recently, a self-charging power unit consisting of an energy
harvesting device and an energy storage device set the foundation for
building a self-powered wearable system. However, the ﬂexibility of the
power unit working under extremely complex deformations (e.g.,
stretching, twisting, and bending) becomes a key issue. Here, we present
a prototype of an all-in-one shape-adaptive self-charging power unit that
can be used for scavenging random body motion energy under complex
mechanical deformations and then directly storing it in a supercapacitor
unit to build up a self-powered system for wearable electronics. A kirigami
paper based supercapacitor (KP-SC) was designed to work as the ﬂexible
energy storage device (stretchability up to 215%). An ultrastretchable and
shape-adaptive silicone rubber triboelectric nanogenerator (SR-TENG)
was utilized as the ﬂexible energy harvesting device. By combining them
with a rectiﬁer, a stretchable, twistable, and bendable, self-charging power
package was achieved for sustainably driving wearable electronics. This work provides a potential platform for the ﬂexible
self-powered systems.
KEYWORDS: triboelectric nanogenerators, supercapacitors, wearable electronics, self-charging power package, kirigami
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nanogenerator (TENG) has shown advantages of high output,
high energy conversation eﬃciency, lightweight, ﬂexibility,21,33
and shape-adaptive stretchability,34,35 which serves as an ideal
strategy to scavenge mechanical energy from low-frequency36
irregular body motions.24,37−40 By integration of TENGs with a
battery/supercapacitor unit, self-charging power units (SCPUs)
have been demonstrated to sustainably power electronics.24,33,41,42 However, to be utilized in extremely harsh
operating circumstances, for example, stretching, twisting, and
folding, a fully shape-adaptive ﬂexible and stretchable SCPU is
still required to be developed.
Here, we present a prototype of an all-in-one shape-adaptive
SCPU that can be used for harvesting body motion energy
under complex mechanical deformations (e.g., stretching,
twisting, and bending) and building a self-powered system for
wearable electronics. By taking advantages of kirigami

lexible wearable/portable electronics, such as bendable
displays,1−3 stretchable circuits,4−7 e-skins,8−10 and epapers,11 are receiving intensive attention due to their
huge applications in medical science, robotics, and human−
machine interface. For powering these electronics, a lightweight
supply module with complex deformation properties (e.g.,
bending, stretching, and torsion) is desirable.12−14 Various
platforms, such as paper-based,15−19 ﬁber-like, buckling-type,
and origami-architecture20−23 ﬂexible supercapacitor/battery
systems, have been proposed to achieve this. For current
commercialized power platforms, supercapacitors oﬀer extraordinary advantages over conventional charging battery
systems, including high charging rate, long life cycles, and
high reliability.24
One of the bottlenecks for utilizing ﬂexible supercapacitors to
power up wearable/portable electronics is insuﬃcient operating
time. To address this issue, our group has creatively proposed
and demonstrated several energy harvesting systems based on
the mechanisms of piezoelectric,25−27 pyroelectric,28 and
triboelectric charging.21,29−32 Based on the coupling between
triboelectriﬁcation and static-electric induction, a triboelectric
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architecture,43−45 a paper based graphite electrode can be
designed with diﬀerent geometric numbers (4−12 units).
Kirigami paper based supercapacitors (KP-SCs) show proportional stretchability up to 215% with excellent mechanical
durability (2000 stretching/releasing cycles) and reliability
(5000 charging/discharging cycles). By utilizing silicone rubber
and Ag nanowires (AgNWs), an ultrastretchable and shapeadaptive silicone rubber TENG was proposed and fabricated
with an output of ∼160 nC per half working cycle and opencircuit voltage of ∼250 V under stretching state of 100%. By
assembling the KP-SC into the TENG with a full-wave rectiﬁer,
an all-in-one shape-adaptive SCPU was achieved, which is
stretchable, bendable, and twistable. At last, we successfully
demonstrate this power unit for harvesting hand ﬂapping
energy and continually powering an electric watch to realize the
whole self-powered system. Moreover, with the components
sealed in silicon rubber, our proposed SCPU is also washable
and can be integrated into fabrics.

all-in-one shape-adaptive self-charging power unit, the characterization of each functional device was carried out individually
to evaluate its performance one by one.
Preparation and Characterization of the Flexible
Kirigami Paper Based Supercapacitor. The ﬂexible energy
storage unit is the key to solving the limitations of current
ﬂexible energy storage devices under extremely harsh operating
circumstances, for example, stretching, twisting, and folding.
Here, an ultralight and superﬂexible paper based supercapacitor
was designed and fabricated utilizing the concept of kirigami
architecture, as depicted in Figure 2. First, sandpaper was used
as the substrate due to its extremely rough surface (as shown in
Figure S1a) for increasing the loading amount of active material
and waterproof property for electrolyte assembling. The
kirigami based sandpaper electrode can be precisely designed
and then fabricated by laser cutter. After that, a conductive Au
layer (thickness ∼200 nm) was deposited on the surface of the
kirigami based sandpaper electrode by e-beam deposition. In
this study, graphite was utilized as the active material in the KPSC device and then directly coated on as-prepared laserpatterned electrode by the common pencil drawing method.46
The detailed fabrication process for KP-SC is shown in Figure
2a and explained in the Experimental Section. Figure 2b shows
the layer-by-layer schematic illustration of the KP-SC unit. For
realizing the stretchable characteristic, the cellulose paper based
spacer between the two identical kirigami graphite electrodes
was also patterned with the same feature by laser cutter. The
surface morphology of the KP-SC electrode is shown in inset 1
of Figure 2b, which revealed that the porous and rough
structure of graphite creates a high active surface area and
better electrolyte penetration.46 Meanwhile, the cross-section
SEM image of the KP-SC electrode is also exhibited as inset 2,
which clearly demonstrated a layer-structured KP-SC electrode
containing ∼15 μm graphite layer and a ∼200 nm Au deposited
layer on sandpaper substrate (∼45 μm). It is also worth
mentioning that our proposed superthin (<250 μm) and
ultralight (<55 mg/cm2) KP-SC provides a promising strategy
for replacing the conventional bulky energy storage unit in the
application of the wearable/portable electronics. Figure 2c
shows the schematic illustration and related maximum tensile
strains of KP-SCs with diﬀerent kirigami geometric unit
numbers from 4 to 12 units (the deﬁnition of maximum
tensile strain for KP-SC is described in Figure S1b),44 which
shows that the maximum tensile strain for KP-SC will
proportionally increase with increasing the geometric unit
number from 4 to 12 units. It is noteworthy that the maximized
stretchability of KP-SC can be up to 215% when the kirigami
geometric unit number reaches 12. However, the conductivity
of the KP-SC electrode will also be sacriﬁced after enlarging its
maximum stretchability, as shown in Figure 2d. For the
optimization between the stretchability and conductivity of the
KP-SC, KP-SC device with kirigami geometric unit number of 6
will be utilized in following study and discussion. The
relationship between the resistance and the strain of the KPSC with kirigami geometric unit number of 6 is shown in Figure
S1c. To demonstrate the characteristics of the ﬂexible KP-SC
under extremely harsh operating circumstances, three photographs of the KP-SC under stretching, twisting, and bending
deformation were taken as shown in Figure 2e,f,g, respectively.
Above results provide a promising picture to utilize our
proposed stretchable KP-SC in ﬂexible wearable/portable
electronics.

RESULTS AND DISCUSSION
Design of the All-in-One Shape-Adaptive Self-Charging Power System for Wearable Electronics. The system
of all-in-one shape-adaptive self-charging power unit for driving
the wearable/portable electronics is schematically illustrated in
Figure 1. Our proposed all-in-one shape-adaptive self-charging

Figure 1. Working mechanism of an all-in-one shape-adaptive selfcharging package for wearable/portable electronics. Mechanical
energy from human motions can be harvested and then converted
to electricity by an all-ﬂexible silicone rubber based triboelectric
nanogenerator and then stored into a kirigami based supercapacitor for driving wearable and portable electronics. The layerby-layer schematic illustration of all-in-one shape-adaptive selfcharging package is shown in the center.

power unit can be easily ﬁxed on the cloth or even placed in
conventional textiles for scavenging the mechanical energy
originating from body movement via an all-ﬂexible silicone
rubber based TENG. Meanwhile, the generated AC electric
energy can be directly stored in a kirigami paper based
supercapacitor (KP-SC) after rectifying with an all-wave
rectiﬁer for sustainably driving wearable/portable electronics.
The layer-by-layer schematic structure of an all-in-one shapeadaptive self-charging power unit has been shown in the center
of Figure 1. Before the concurrent operations of our-proposed
B

DOI: 10.1021/acsnano.6b06621
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 2. Schematic illustration and mechanical behaviors of a kirigami based supercapacitor. (a) Preparation process of kirigami based
electrode. (b) Schematic structure of a kirigami based supercapacitor (KP-SC). The SEM image of the (1) cross-section (scale bar 30 μm) and
(2) top (scale bar 10 μm) of the kirigami based electrode are shown as insets. (c) Schematic illustration of kirigami based electrodes with
diﬀerent geometric unit numbers (4−12); the related strain property of these kirigami based electrodes is also examined as shown in
photographs. (scale bar 1 cm). (d) Dependence of resistance and maximal strain of the kirigami based electrode with diﬀerent geometric unit
numbers. (e−g) Photographs of the KP-SC under various mechanical deformations, stretching, twisting, and bending (scale bar 1 cm).

Performance of the Flexible Kirigami Paper Based
Supercapacitor for Energy Storage. The electrochemical
capacitance properties of a KP-SC device were evaluated by
cyclic voltammetry (CV) and galvanostatic charging/discharging (GCD) techniques. All of the electrochemical performances
of the KP-SC device were measured by a symmetric
conﬁguration of two identical graphite loaded kirigami
electrodes with a solid state H3PO4/poly(vinyl alcohol)
(PVA) as the electrolyte. To evaluate the fast charge/discharge
ability of the KP-SC, CV at diﬀerent scan rates from 10 to 100
mV/s were examined, as shown in Figure 3a. It can be observed
that the rectangular CV curves do not distort signiﬁcantly as the
scan rate increases, indicating its good capacitive behavior and
high-rate charging capability. Figure 3b also shows the GCD
curves of the KP-SC under various current densities from 20 to
50 μA/cm2 in the potential range from 0 to 0.8 V. The speciﬁc
surface capacitance calculated from the GCD curves at diﬀerent
CD rate is also shown in Figure S2b. Figure 3b reveals that no
obvious IR-drop behavior was observed even at a fast
discharging rate (50 μA/cm2), indicating the outstanding
capacitance behavior and excellent conductivity of the graphite
based electrode. Moreover, the Nyquist plot of the KP-SC was
also examined by electrochemical impedance spectroscopy
(EIS), as presented in Figure S2a. The magnitude of equivalent
series resistance (ESR) of 20.99 Ω is obtained from the xintercept of the Nyquist plot. The speciﬁc mass (F/g) and
surface capacitance (mF/cm2) calculated from the CV curve at
the corresponding scan rate are shown in Figure 3c. The
speciﬁc capacitance was found to decrease with increasing scan

rate since the incomplete charging/discharging of the electrode
material was limited by ionic diﬀusion.33 The mass and surface
capacitance of KP-SC is about ∼12 F/g and ∼1 mF/cm2 at the
scan rate of 10 mV/s, respectively; these results are similar to
the previous work on graphite paper based supercapacitors.46
Long-term stability of the supercapacitor is also a critical issue
for utilizing in self-powered systems. The inset of Figure 3c
shows the cycling performance of the KP-SC during 5000
cycles at a CD rate of 100 μA/cm2. No obvious capacitance
drop was observed after 5000 cycles under such higher CD rate,
which provides a reliable stability to introduce in the highfrequency charge/discharge powering systems.
As a stretchable energy storage device, the electric storage
performance of KP-SC under diﬀerent mechanical tensile
strains (0−100%) also needs to be investigated and discussed.
Figure 3d shows the CV curves of KP-SC under continuous
mechanical tensile strains changed from 0 to 100% at a
scanning rate of 50 mV/s. Similar CV curves provide solid
evidence to prove that the performance of KP-SC was quite
stable under any shape deformation. The same result can be
also obtained by the corresponding CD curves of KP-SC under
CD rate of 30 μA/cm2, as shown in Figure S2c. A video that
demonstrated the CV and CD performance of KP-SC under
continuous stretching/releasing movement is shown in Video
S1. Furthermore, the Nyquist plot of KP-SC under various
tensile strains was also examined and is presented in Figure
S2d. The result reveals that the value of EPR for KP-SC was
barely changed under diﬀerent tensile strains (Figure S2e),
which implied that the conductivity of KP-SC electrode is not
C
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Figure 3. Performance of the kirigami based supercapacitor for energy storage. (a) CV curves of the KP-SC (6 units) under various scanning
rates (10−100 mV/s). (b) Galvanostatic charge/discharge (C/D) curves of the KP-SC (6 units) at diﬀerent current density (20−50 μA/cm2).
(c) Speciﬁc mass and surface capacitance of the KP-SC (6 units) under various scanning rates; long-term stability test of the KP-SC (6 units)
for 5000 charging/discharging cycles is also shown as the inset. (d) CV curves of the KP-SC (6 units) under mechanical strain changing from
0−100%. The inset shows the photographs of the KP-SC (6 units) under rest (strain = 0%) and stretched states (strain = 100%). (e)
Schematic illustration of integrated KP-SCs in series. (f) C/D curves of the integrated KP-SC (6 units) under various number of devices in
series connection (1−4 devices) at current density of 30 μA/cm2. (g) Photograph of using the integrated KP-SC (6 units, 3 devices in series)
to light up a single commercial green LED under cycling stretching movement. (h) Schematic illustration of integrated KP-SCs in parallel. (i)
C/D curves of the integrated KP-SC (6 units) under various number of devices in parallel connection (1−4 devices) at current density of 30
μA/cm2. H3PO4/PVA based solid state electrolyte was used in KP-SC for all of electrochemical measurements.

inﬂuenced by strain deformation. At last, the mechanical
durability of KP-SC under 2000 continuous stretching/
releasing cycles was also measured and is presented in Figure
S2f. According to above results, now it is fair to say that our
proposed KP-SC has an excellent stretchability and mechanical
durability for utilizing in ﬂexible wearable/portable electronics.
Having presented this excellent stretchable supercapacitor, we
have further integrated several KP-SC units into assemblies
both in series and in parallel connection to meet speciﬁc energy
needs for practical applications. Figure 3e shows the schematic
illustration of four individual KP-SC units connected in series.
The GCD and CV curves of series-connected KP-SC with
diﬀerent connected units (1−4) are shown in Figure 3f and
Figure S3a, respectively. The output voltage of the seriesconnected KP-SC linearly increases with increasing the unit
number of connected KP-SC units, which provides a tunable
operating voltage for driving various types of ﬂexible
electronics. Figure 3g and Video S2 demonstrate the highly
ﬂexible characteristic of the series-connected KP-SC for lighting
up a commercial green LED under extremely harsh operating
circumstances, stretching, twisting, and bending. Also, KP-SC
units can be connected into an integrated KP-SC module in

parallel conﬁguration for enlarging its capacitance. The GCD
and CV curves of parallel connected KP-SC with diﬀerent
connected units (1−4) are shown in Figure 3i and Figure S3b,
respectively. All of these results show the tunable adaptability
and reliable scalability of the KP-SC to practical applications.
Preparation and Characterization of the ShapeAdaptive Silicone Rubber Based Triboelectric Nanogenerator for Energy Harvesting. For preparing the shapeadaptive triboelectric nanogenerator for harvesting human
mechanical energy, ultrastretchable silicon rubber (SmoothOn, Ecoﬂex 00-10) was selected as the triboelectric material.
Silver nanowire (Ag NWs, diameter ≈ 115 nm and length =
20−50 μm) networks were used as the conducting matrix
owing to their superior merits of excellent conductivity and
ultrahigh stretchability for fabricating the stretchable electrode.5−7 Figure 4a shows the structural scheme of the allﬂexible silicone rubber based TENG. An SEM image of the Ag
NW networks formed on the silicon rubber substrate is also
presented as the inset. The detailed fabrication process is
shown in Figure S4 and described in the Experimental Section.
Ag NW networks create a conductively stretchable electrode,
which will not be blocked under extremely strain deformation.
D

DOI: 10.1021/acsnano.6b06621
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 4. Performance of silicone rubber based triboelectric nanogenerator for harvesting mechanical energies. (a) Structural scheme of the
silicone rubber based ﬂexible triboelectric nanogenerator (TENG). The SEM image of the as-prepared Ag nanowires (Ag NWs; D ≈ 115 nm,
L = 20−50 μm) for fabricating the stretchable electrode is shown as the inset (scale bar 20 μm). (b) Dependence of resistance of the Ag NW
based electrode under various strain (0−100%). (c) Photographs of the TENG under various mechanical deformations, stretching, twisting,
and bending (scale bar 5 cm). (d) Working mechanism of a TENG for harvesting mechanical energy via basic contact-separation mode (here,
skin acts as the other electrode in this system). (e) Open circuit voltage (VOC) and short circuit charge transfer (QSC) of TENG under diﬀerent
working frequencies (1.0−5.0 Hz). (f) Dependence of the value of VOC and QSC for TENG under diﬀerent mechanical strains (0−100%). (g)
V−Q curves of TENG under connections with various external load (0−50 MΩ).

(from 1 to 5 Hz). From the results, the VOC of ∼250 V and QSC
of ∼150 nC for TENG were achieved and were barely aﬀected
by the working frequency. Moreover, both values can be
changed to some extent under various straining states, as shown
in Figure 4f, which could be attributed to the Poisson ratio and
the electrostatic induction.48 While applying the strain force on
the two ends of the silicone rubber, the thickness of the TENG
along the z-axis will decrease because the volume of the object
is the same under both releasing and stretching states
(schematic illustration is presented in Figure S6). As a
consequence, the charges on the covered electrode will be
easily induced by the thinner silicone rubber, thus to some
extent enhancing the corresponding value of the QSC.
Furthermore, in this work, the V−Q curve49 was employed to
evaluate the maximized output energy of TENG per cycle
under the working frequency of 1.5 Hz, as shown in Figure 4g.
Under the external load of 10 MΩ, a maximized energy of 15.9
μJ (average power of 10.6 μW) for TENG per cycle was
achieved, which is high enough to light up serval LEDs
connected in series (Figure S7).
Demonstration of the All-in-One Shape-Adaptive
Self-Charging Power Package for Wearable Electronics.
By connecting the TENG to the KP-SC with an all-wave
rectiﬁer, an all-in-one shape-adaptive self-charging power unit
was achieved after assembling all of the units by a silicone
rubber sealing process. Various kinds of human motion can be
harvested and then stored into the energy storage part as a
sustainable energy supply for driving wearable/portable
electronics. The proposed scheme of all-in-one shape-adaptive

Hence, such an electrode provides a reliable conductive
substrate (∼50 Ω) for use in the TENG system under diﬀerent
tensile strain states, as shown in Figure 4b. The strain−stress
property of the silicone rubber based stretchable electrode and
the kirigami based electrode was measured as shown in Figure
S5. Figure 4c demonstrates the TENG under diﬀerent kinds of
complex deformations, including stretching, twisting, and
bending. The working mechanism of contact-mode TENG is
demonstrated in Figure 4d, which utilizes the conjunction of
triboelectriﬁcation and electrostatic induction.21 Brieﬂy, due to
their diverse triboelectric polarities, silicone rubber will acquire
a negative charge while the skin makes full contact with it.
Meanwhile, the surface of the skin will also produce the same
amount of positive charges. Once the skin starts to separate
from the silicone rubber, the positive charges on the skin will
transfer to the AgNW based electrode through the external
circuit thus producing current output to balance the potential
diﬀerence established between the two electrodes. Mechanical
motion can easily induce the random contact/separation
movement between the skin and silicone rubber, while the
TENG has be placed on the cloth. It is noteworthy that the skin
is treated as the other electrode of our proposed TENG system,
instead of connecting the other electrode to the ground in the
common case. According to the previous works,47 this kind of
connective strategy can further enhance the transferred charge
output of TENG and then facilitate the charging process of
supercapacitor. Figure 4e shows the basic output performance
of open-circuit voltage (VOC) and short circuit charge transfer
(QSC) for the TENG under diﬀerent operating frequencies
E
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Figure 5. Application of the all-in-one shape-adaptive self-charging power package in conventional wearable electronics. (a) Systematic
conﬁguration of the all-in-one shape-adaptive self-charging power clothes for scavenging the mechanical motion energy from the body and
then powering the wearable electronics directly. (b) Photographs of the all-in-one shape-adaptive self-charging power package under various
mechanical deformations, stretching, twisting, and bending (scale bar 5 cm). (c) V−t curve of the all-in-one shape-adaptive self-charging
power package (6 KP-SCs connected in series) under various operating modes. The circuit diagram of the all-in-one shape-adaptive selfcharging power package is also shown as the inset. (d) V−t curve of the all-in-one shape-adaptive self-charging power package with charging
by TENG (working frequency 5 Hz). The inset shows the photograph of charging the all-in-one shape-adaptive self-charging power package
by hand ﬂapping. (e) Enlarged V−t curve of the all-in-one shape-adaptive self-charging power package connected to an electric watch under
various operating modes, for example, discharging mode, sustainable mode, and charging mode.

charging performance with low charge leakage under a
continuous charging process. The charging curve in the initial
20 s is enlarged, as shown in Figure 5d (the demo of the
charging process is shown as the inset and in Video S3).
Corresponding charging curves under various working
frequencies (2−10 Hz) were also demonstrated as shown in
Figure S10b. From the charging curve, we can calculate that the
equivalent charging current (working frequency of 5 Hz) is 1.6
μA, which is matched with the output value of QSC from
previous results (Figure 4g). While the voltage of the all-in-one
shape-adaptive self-charging power package is charged to ∼1.4
V, it was used to drive the electronic watch. The enlarged V−t
curve under various operating modes, namely, discharging
mode, sustainable mode, and recharging mode, is also shown in
Figure 5e. In the discharging mode, the linear drop of V−t
curve indicates that the electronic watch had been powered up
by the self-charging power package. The inset shows a digital
photograph of the lighted electronic watch. Once we ﬂapped
the self-charging power package, the electronic watch can be
sustainable powered under steady voltage (sustainable mode,
∼5 Hz) or even charged under fast operating state (charging
mode, ∼9 Hz). A video that demonstrated the all-in-one shapeadaptive self-charging power package for powering up the
electronic watch when connected with a 10 μF capacitor is
shown in Video S4.

self-charging power unit for wearable/portable electronics is
presented in Figure 5a. Figure 5b demonstrates an all-in-one
shape-adaptive self-charging power unit under diﬀerent kinds of
complex deformations, including stretching, twisting, and
bending. It is also worth noting that our purposed self-charging
power unit is washable when it is stained, owing to all of units
being perfectly sealed in the silicone rubber as the assembling
material (the electric performance of the KP-SC and the SRTENG were both measured as demonstrated in Figure S8).
Hence, our proposed concept of a self-charging power unit can
be a potential strategy to further build up self-charging power
smart cloth. To demonstrate the practical application of an allin-one shape-adaptive self-charging power unit, it was used for
harvesting periodic ﬂapping energy (it can be also ﬁxed under a
shoe or other part of the human body for harvesting walking or
swing energy as shown in Figure S9) of a human hand and then
directly powering an electronic watch. Here, since charge
leakage will become signiﬁcant when the KP-SC is charged
under smaller current (∼2 μA) through the TENG to a high
voltage (as shown in Figure S10a), we integrated six
independent KP-SC units in series to solve this problem.
Figure 5c shows the V−t curve of the all-in-one shape-adaptive
self-charging power package when the TENG is working under
the frequency of 5 Hz and then connected with an electronic
watch. The circuit diagram of the all-in-one shape-adaptive selfcharging power package is also shown as the inset. At the
beginning, the linear-like V−t curve indicates that the all-in-one
shape-adaptive self-charging power package exhibits excellent
F

DOI: 10.1021/acsnano.6b06621
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

electrochemical performance of the KP-SC was measured by an
electrochemical workstation (Princeton Applied Research, VersaSTAT
3).

CONCLUSIONS
In summary, the concept of an all-in-one shape-adaptive selfcharging power package has been demonstrated for harvesting
body motion energy to sustainably drive wearable/portable
electronics. By utilizing the kirigami architecture, an ultrastretchable kirigami paper based supercapacitor with 100%
stretchability and speciﬁc capacitance of ∼1 mF/cm2 and ∼12
F/g was designed and fabricated, which shows promising
electric double layer capacitance and excellent mechanical
stability to be a superﬂexible energy storage device. By utilizing
silicone rubber and Ag nanowires, an ultrastretchable and
shape-adaptive TENG was fabricated with an output of ∼160
nC per half working cycle and open-circuit voltage of ∼250 V
under stretching state of 100%. By assembling the KP-SC into
the TENG with a full-wave rectiﬁer, an all-in-one shapeadaptive SCPU was achieved for harvesting hand ﬂapping
energy and continually powering an electric watch. This work
presents a prosperous advancement in the practical wearable
applications of self-powered systems, which will initiate
promising improvements in self-powered ﬂexible displays and
wearable electronics.
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EXPERIMENTAL SECTION
Fabrication of the KP-SC for Energy Storage. In this work,
sandpaper (2000 grit, 3M) was used as the substrate for fabricating the
KP-SC. The rough surface morphology of sandpaper provides a high
deposition area for increasing the loading amount of graphite.
Meanwhile, waterproof treated sandpaper exhibits ultraﬁne stability
for assembling the gel electrolyte. A conductive Au layer (thickness ≈
200 nm) was deposited on the surface of the kirigami based sandpaper
electrode by e-beam deposition. In this study, graphite was utilized as
the active material in the KP-SC device and then directly coated on the
as-prepared laser-pattern electrode by the common pencil drawing
method. A Naﬁon (0.5% in alcohol) ionomer layer was coated on the
top of the electrode to prevent graphite peeling oﬀ from the sandpaper
substrate. After that, the as-prepared graphite electrode was precisely
cut into kirigami architecture by laser cutter (25 × 50 mm2). A
separator between the two graphite electrodes was also cut into same
designed pattern (27 × 50 mm2). Finally, two as-fabricated kirigami
electrodes were coated with H3PO4/PVA (5 g of H3PO4 and 5 g of
PVA in 50 mL of deionized water) gel electrolyte and assembled with
the kirigami separator. Hot glue was used to seal the assembly to
prevent water penetration.
Fabrication of the TENG for Energy Harvesting. Ag nanowire
paste (Sigma-Aldrich, diameter ≈ 115 nm and length = 20−50 μm)
was well dispersed in isopropyl alcohol solvent with the weight ratio of
0.1%. AgNW paste was uniformly coated on an acrylic sheet with a
rectangle shape area (7 × 4 cm2) patterned by kapton tapes (25 μm).
After drying for 5 h at 30 °C, the tapes were removed from the sheet
for the next fabrication process. Silicone rubber (Smooth-On, Ecoﬂex
00-10) was mixed with the two components in a 1:1 weight ratio. The
mixed gel was cast onto the as-fabricated Ag nanowire-coated acrylic
sheet at an approximate thickness of 1.5 mm. Then, the silicone rubber
ﬁlm with Ag nanowire layer was peeled oﬀ from the acrylic sheet after
curing at 40 °C for 3 h. Finally, another 1.5 mm silicon rubber was
poured and cured for assembling the Ag nanowire layer after
connection with a copper tape.
Characterization and Measurement. Field emission scanning
electron microscopy (Hitachi SU8010) was employed to measure the
morphology of the graphite based electrode and the Ag nanowire
based ﬂexible electrode. For the electric output measurement of the
TENG, a linear motor (Linmot E1100) was applied to mimic human
motions, driving the TENG contact and separation. A programmable
electrometer (Keithley 6514) was adopted to test the open-circuit
voltage, short-circuit current, and transferred charge. The software
platform is constructed based on LabView, which is capable of
realizing real-time data acquisition control and analysis. The
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