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A patchable triboelectric nanogenerator (TENG) is highly promising for self-powered human-motion detection,
but it may undergo repeated stretching/releasing cycles during daily activities of a human, which may lead to
mechanical fracture of each component and degradation in electrical output performance of the TENG device.
Here, we report a fully stretchable and durable triboelectric nanogenerator (TENG) with gold (Au) nanosheets
(NSs) embedded into both PDMS matrix and micropyramid-patterned PDMS. It was found that a new design of
the Au NS electrodes dramatically improves the mechanical ﬂexibility and stretchability, enabling to achieve the
outstanding output stability of the Au NS electrode-based TENG (Au NS-TENG) during 10,000 cycles of repeated
pushing and stretching tests. Our fully stretchable and durable Au NS-TENGs were successfully applied to the
hand joints that can be used in the self-powered human-motion detection processes for wearable applications.

1. Introduction
Recent interest in wearable or portable electronic devices has raised
concerns about high-quality ﬂexibility and stretchability, which are of
interest to next-generation electronic device applications such as ﬂexible displays, ﬂexible and/or stretchable circuits, artiﬁcial electronic
skins (e-skins), and various form-type sensors [1–6]. Accordingly, the
need to replace or charge the battery must be removed regarding such
electronic devices; otherwise, a heavier, separate power supply will
remain a technological hurdle to user comfort over a long time period
[7,8].
Recently, a new type of power-generation device called a triboelectric nanogenerator (TENG) has been developed based on the coupling mechanism between the triboelectric charge and the electrostatic
induction for which mechanical energy, which is one of the most
common energy sources in the surrounding environment, is used
[9–12]. Because of the many advantages of the TENG, such as a low
cost, a simple manufacturing process, and a high power density
[13–18], the TENG can be successfully demonstrated without a battery
or an external power supply due to the use of promising device and
application energy-harvesting technologies such as voice-recognition
devices, distress-signal emitters, trace-memory systems, velocity sensors, electroplating, electropolymerization, and water splitting [19–23].
In the TENGs, the triboelectric charging occurs at the contact interface
⁎
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through a periodic repetitive physical contact between two diﬀerent
materials of diﬀerent polarities in terms of the triboelectric series, so
the contact surface must be able to generate a robust and stable electrical output [24–26]. Although many TENGs have been previously
reported, the reports of TENGs that are highly elastic, durable, and
robust against repetitive external movements are rare.
To achieve devices that are 100% human-wearable, all of the
components that make up the device must be ﬂexible and stretchy
[27–30]; particularly, the ﬂexibility and stretchability of the electrode
portion that serves to transfer the carrier to the external circuit to drive
the device must be excellent [31–33]. However, most of the previously
reported TENGs are lacking because the metals of the conductive
electrodes in the TENGs such as gold (Au), aluminum (Al), or copper
(Cu), which are not stretchable generally, are considered as the counterparts of triboelectric ﬁlms [34–39].
To overcome this hurdle, it has become necessary to develop ﬂexible and stretchable electrodes that are mechanically robust, electrically
stable, and reliable for repetitive external forces. In this study, a fully
stretchable and durable TENG is developed using Au nanosheet (NS)embedded electrodes. The Au NS electrodes were built into the following two layers: the opposite side of the patterned polydimethylsiloxane (PDMS) for the top electrode and the friction layer (if
it also serves as the bottom electrode). Also, the operating mechanism
of the Au NS electrode-based TENG (Au NS-TENG) was conﬁrmed in the
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in width) was fabricated using the same protocol; however, the micropyramid-patterned Si wafer was covered with the Au NS ﬁlm/liquid
PDMS on the Si-wafer substrate.

pushing and stretching modes using the COMSOL software. The new
design of Au NS electrodes dramatically improves the mechanical
ﬂexibility and stretchability, demonstrating the proposed TENG's outstanding output stability over 10,000 cycles of repeated pushing and
stretching tests. Therefore, the proposed Au NS-TENG can be successfully applied to the hand joints that can be used in the self-powered
human-motion detection processes for wearable applications.

2.3. Characterization of the Au NS-embedded electrodes
Field emission scanning electron microscope (FE-SEM) images were
captured using the SUPRA 55VP device (Carl Zeiss). Atomic force microscope (AFM) images were obtained using the XE100 device (PSIA)
under tapping modes. The electrical performance of the Au NS electrode was measured using the Keithley 2634B device (Tektronix).

2. Material and methods
2.1. Synthesis of the Au NS
According to the typical synthesis of Au NSs, 5 mL of aqueous solution containing 1.7 mg of L-arginine (Sigma Aldrich) was hosted in a
20-mL vial at room temperature and the solution was heated to 95 °C.
Meanwhile, 2 mL of aqueous solution containing 13.5 mg of hydrogen
tetrachloroaurate trihydrate (HAuCl4·3H2O) that was obtained from
Alfa Aesar was injected into the L-arginine solution using a pipette. The
reaction mixture was maintained at 95 °C for 2 h and then cooled down
to room temperature.

2.4. TENG measurements
All of the device measurements were performed under ambient
conditions (temperature = 23 °C and relative humidity = 25–40%). A
DPO 3052 digital phosphor oscilloscope (Tektronix) and the SR570
low-noise current preampliﬁer (Stanford Research Systems, Inc.) were
used to measure the electrical properties of the TENG.
3. Results and discussion

2.2. Fabrication of the Au NS-embedded electrodes
Fig. 1a shows the schematic illustration of a highly stretchable and
durable electrode based on a multilayered Au NS ﬁlm-embedded PDMS
matrix. The Au NSs that were used in this study were synthesized using
the previously reported method, and the thickness and lateral size are
20 nm and 20–50 µm, respectively (Fig. S1) [6,40,41]. First, an Au NS
multilayer ﬁlm was prepared by transferring a monolayer of the Au NSs
that were ﬂoating on a water surface onto a silicon (Si) wafer coated
with polytetraﬂuoroethylene (PTFE) ﬁlm followed by a repeating of the
transfer process. After each transfer, the ﬁlm was annealed at 100 °C for
10 min. Thermal annealing at this mild temperature increases the
contact between stacked Au NSs. Then, the liquid PDMS was cast onto
the Au NS ﬁlm, which ﬁlled the spaces between the NSs. After the
PDMS curing, the Au NS ﬁlm-embedded PDMS matrix was detached
from the substrate. The weak adhesion between the Au NS ﬁlm-embedded PDMS matrix and the PTFE-coated substrate facilitated a clean

A Petri dish was ﬁlled with deionized water, and the Au NS dispersion in 1-butanol was dropped onto the water surface using a pipette. When the monolayer ﬁlm of the Au NSs was formed at the water
surface, the Au NS ﬁlm was brought into contact or scooped up by an Siwafer coated with a Teﬂon substrate. The multilayer Au NS ﬁlm was
obtained by repeating this process. Then, the Au NS ﬁlm on the substrate was annealed at 100 °C for 10 min. The Sylgard 184 PDMS (Dow
Corning) was prepared by mixing the base and the curing agent with a
weight ratio of 10:1. The liquid PDMS was poured onto the Au NS ﬁlm
and then cured at 80 °C for 6 h. After the PDMS curing, the Au NS ﬁlmembedded PDMS matrix was peeled oﬀ from the glass substrate. Cu
wires were connected to the Au NS ﬁlm-embedded PDMS matrix using a
silver paste, and the wire was coated with PDMS glue. The Au NSembedded electrode with the micropyramid-patterned PDMS (100 µm

Fig. 1. (a) Schematic illustration of the fabrication process of the Au NS-embedded electrode. (b) Top-view FE-SEM image of the Au NS-embedded electrode. (c) Schematic illustration of
the structure of the fully stretchable TENG based on the Au NS-embedded electrodes. The FE-SEM image shows the micropyramid-patterned PDMS (10 µm width) of the top triboelectric
layer of the TENG. (d) Photograph of the Au NS-TENG.
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resistance remaining constant during 100 detachment cycles; however,
the resistance of the Au NS on the PDMS electrode dramatically increased over several detachment cycles (Fig. 2c). Fig. 2d shows the
tape-contact regions of Au NS electrodes after the detachment test.
These results suggest that the Au NS-embedded electrodes are suitable
for fully stretchable and highly durable TENG applications.
When a stretchable Au NS-TENG is attached to the body, the two
orientations of the input mechanical force are the vertical-push and
horizontal-stretch directions. To describe these two work-mechanism
cases, two independent work modes, as shown in Fig. 3, were simulated
[14,43,44]. First, in the vertical motion, the micropyramid-patterned
PDMS of the upper layer and the Au NS ﬁlm embedded in the PDMS of
the lower layer were periodically separated from each other and
charged with the opposite signs (+Q & −Q) using triboelectriﬁcation.
In addition, the surface of the patterned PDMS was altered by a plasma
treatment in a tetraﬂuoromethane (CF4) gas atmosphere to change the
functional groups for the further increasing of the triboelectric surface
charge at the contact interface [45–47].
When the Au NS-TENG was released, a potential diﬀerence between
the upper electrode and the lower electrode became evident due to an
electrostatic induction. To achieve equilibrium, the electrons ﬂow from
the top electrode to the bottom electrode through an external circuit,
followed by their movement back to the top upon the approach of the
two layers, as shown in Fig. 3a. The resultant electrical signal also
depends on the contact area between the micropyramid-patterned
PDMS and the Au NS, as the pyramidal pattern is modiﬁed so that it can
be planarized by the application of a pushing force [25,48,49]. To
provide a more detailed explanation, when the gap distance and the
contact area were changed by the external pressing force, the COMSOLsoftware ﬁnite element method was employed after the measurement of
the surface-charge density for which Eq. (1) was used with atomic force
microscopy (AFM), and the potential distribution in the open-circuit
condition was simulated, as shown in Fig. 3b. The potential distribution
of the open-circuit voltage (Voc) is deﬁned as follows [50,51]:

delamination of the electrodes.
A ﬁeld emission scanning electron microscopy (FE-SEM) analysis of
the Au NS-embedded electrode revealed that the Au NSs were densely
overlapped and partially embedded in the PDMS matrix (Fig. 1b).
Fig. 1c shows the structural details of a fully stretchable and highly
durable TENG that is based on the Au NS-embedded electrodes. This
TENG consists of two Au NS-embedded electrodes, which are in contact
with each other (Fig. 1c). The Au NS-embedded electrode of the top
layer is micropyramid-patterned (100 μm-width) to increase the contact
surface and the friction. Fig. S2 illustrates the fabrication process of the
Au NS-embedded electrodes with the micropyramid pattern for its use
as the top triboelectric layer of the TENG. The other Au NS-embedded
electrode of the bottom layer serves as not only an electrode but also as
friction material. The multilayered Au NS ﬁlm is partially exposed on
the surface of the NS-embedded PDMS electrode. Accordingly, the
friction occurs between the micropyramid-patterned PDMS of the top
layer and the Au NS ﬁlm exposed on the surface of the bottom layer.
Fig. 1d shows a photograph of an Au NS electrode based TENG (Au NSTENG), the structure of which is very simple, wherein two Au NS ﬁlms
are embedded in the respective PDMS matrices of the top and bottom
layers.
The mechanical robustness of the Au NS-embedded electrodes was
investigated by monitoring the resistance change during the stretchingand detachment-cycle tests. Fig. S3 shows the electrical characteristics
that are related to the number of Au NS layers in response to tensile
strain. The electrical property of Au NS electrodes can be tuned by
adjusting the number of Au NS layers that are transferred onto the
substrate. When the multilayer Au NS ﬁlm embedded in the PDMS
matrix is stretched, the Au NSs can slide over one another, resulting in a
change of the electrical resistance [6,40]. Since the area occupied by
the Au NS layer becomes dense as the Au NS layer is increased, the
resistance change (R/R0) is decreased as the number of Au NS layers is
increased during the stretching test. In this study, the Au NS-embedded
electrodes prepared by the six-time transfer of the Au NSs for the TENG
was used to obtain the electrical stability and reliability for the repetitive external strain.
For a comparison, a stretchable electrode that is based on an Au NS
multilayer ﬁlm was fabricated using the same protocol, with the exception of the Au NS multilayer ﬁlm directly deposited onto the PDMS
substrate. Both electrodes exhibited similar resistance-change behaviors
due to a stretching up to a strain of ~ 30%, as shown in Fig. 2a. At
larger strains (> 30%), the Au NS-embedded electrode exhibited a
slightly larger R/R0 than the Au NS on the PDMS electrode. The resistance of the Au NS-embedded electrode remained nearly unchanged
during and after the 10,000 cycles of stretching at a tensile strain of
30%, as shown in Fig. 2b, thereby demonstrating its excellent electrical
stability against repeated mechanical deformations. However, the Au
NS on the PDMS electrode exhibited continuous and large resistance
increases during the repeated stretching/releasing cycles at the same
tensile strain.
The excellent electrical stability of the Au NS-embedded electrode
could be explained by an interlocking of the Au NS into the PDMS
matrix, which allows the Au NS ﬁlm network to withstand an applied
tensile strain to maintain the original percolating ﬁlm network without
a delamination during the stretching/releasing cycles (Fig. S4). However, the poor stability of the Au NS on the PDMS electrode could be
explained by a poor adhesion of the Au NS onto the PDMS substrate,
which leads to the delamination of the Au NS ﬁlm percolating network
that in turn rapidly increases the resistance (Fig. S5). The electromechanical stability of the Au NS-embedded PDMS electrodes is also
superior to that of linear silver nanowire-embedded PDMS electrodes.
In the latter, the linear nanowires are likely to undergo mechanical
fracture during repeated tensile strains, which results in the disconnection of electrical paths and thus leads to continued increase in
electrical resistance [42]. This Au NS-embedded electrode also exhibited a high stability against a Scotch-tape detachment test, with its

VOC =

σ ⋅x
ε0

(1)

where σ is the surface-charge density, x is the gap distance between the
top and bottom electrodes, and ε0 is the vacuum permittivity. The
electrical potential between the two electrodes is reduced as the gap
distance is decreased but the contact area is increased [52].
Second, the upper and lower layers with the opposite triboelectric
charges in the initial state of the horizontal stretching motion are in
contact with each other without a deformation of the micropyramidpatterned PDMS. When the Au NS-TENG was stretched, the height of
each pyramid was decreased as the width of the pyramid was expanded,
preserving the entire volume of the pyramidal structure with a slightly
increased contact area, depending on the elongation degree. As with the
workings of vertical motion, the alternating electrical signal was generated by the electron ﬂow through the circuit during the periodic
stretching and releasing, as shown in Fig. 3c. The potential distributions
that vary with the strength of the stretching strain were also simulated
using the COMSOL software, as shown in Fig. 3d.
The output performance of the Au NS-TENG with the dimensions of
2 × 2 cm2 was evaluated according to the repeated pushing and
stretching cycles through the linear motors with vertical and parallel
movements (Fig. 4). The Au NS-TENG exhibited excellent electrical
output stability against a large number of repeated pushing/releasing
cycles. The maximum-output voltage (which is measured with a load
resistance of 40 MΩ) and current (which is measured with a load resistance of 100 Ω) were increased from 39.4 to 98.9 V and from 0.9 to
2.8 μA, respectively, by an increasing of the pushing force from 1 to 6 N
because the contact area between the patterned pyramidal PDMS and
the Au NS was enlarged, as shown in Fig. 4a and b. The response of the
TENG was fast and in sound agreement with the pushing/releasing
proﬁle, even for a large pushing force (Figs. S6 and S7). This
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Fig. 2. (a) Change in resistance (R/R0) for Au NS electrodes in response to tensile strain. (b) Variations of R/R0 for Au NS electrodes during 10,000 cycles of stretching at a 30% strain.
During the cycles, the resistance was measured after the releasing of the strain. (c) Variations of R/R0 for Au NS electrodes during 100 cycles of the Scotch-tape detachment test. (f)
Photographs showing the tape-contact regions of Au NS electrodes after the detachment test.

Fig. 3. Schematic illustration of the working mechanism and ﬁnite-element simulation of the generated voltage diﬀerence of the Au NS-TENG in the (a–b) vertical and (c–d) horizontal
motions.

surface between the patterned pyramidal PDMS and the Au NS is not
deformed. As the stretching strain was increased from 10% to 50%, the
output voltage and current of the Au NS-TENG were increased from 0.1
to 3.1 V and from 7.0 to 90.1 nA, respectively (Fig. 4d and e), because
of the closing distance between the two layers for the inducement of a
greater electron ﬂow through the circuit. The Au NS-TENG also exhibited a sound responsivity and repeatability, as shown in Figs. S9 and

measurement result corresponds to the simulation result in Fig. 3b.
After 10,000 cycles with a pushing force of 3 N for the durability test,
the output voltage was consistent with the initial output voltage of ~
60 V (Fig. 4c). Next, we measured the output voltage and current of the
Au NS-TENG during the repeated stretching/releasing cycles (Fig. S8).
The dependence of the output voltage and current on the stretching
strain was also measured from the initial state, where the contact
303
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Fig. 4. Output performance of the Au NS-TENG. Voltage output, current output, and durability tests during the 10,000 cycles in the (a–c) pushing mode of the vertical direction and the
(d–f) stretching mode of the horizontal direction.

Fig. 5. Photographs and output-voltage responses to the repeated bending/relaxation of the Au NS-TENG that was mounted on the (a, b) index ﬁnger, (c, d) knuckle, and (e, f) wrist,
respectively.
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S10. Over a stretching strain of 50%, the Au NS-TENG cannot be driven
properly due to a disconnection between each piece of the Au NS, which
is the same reason as that shown in Fig. 2a. Likewise, the stretchingmode durability was tested with 10,000 cycles of the 30% strain and the
output voltage was maintained with the initial output voltage of ~
1.8 V (Fig. 4f). These results show that the fully stretchable and highly
durable proposed device can harvest various types of biomechanical
energy individually or together, and can be easily applied to e-skin and
wearable devices.
Next, we evaluated the suitability of the Au NS-TENG in terms of its
operation as a self-powered human-motion detector. In order to investigate the sensing performance of the Au NS-TENG to human motions, we attached the TENG to the moving joints of hand such as index
ﬁnger, knuckle, and wrist (Fig. 5) and measured signals during repeated
bending/relaxation cycles. As shown in the Fig. 5, the Au NS-TENG
exhibited a high responsivity and good repeatability to strain variation
caused by the joint movements without external power supply. The
output signal of the Au-NS TENG increased in the order of wrist,
knuckle, and index ﬁnger, which is due to the diﬀerent stretching
strains of each joint during bending/relaxation. Distinct signal patterns
were generated even for same bending/relaxation motion, which allowed us to distinguish between various joints including index ﬁnger,
knuckle, and wrist, with just one sensor. These results show that the
proposed Au NS-TENG can be used for wearable electronic devices due
to its self-powered human-motion detection, and an excellent bendability, stretchability, and repeatability.
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4. Conclusions
In summary, a fully stretchable and highly durable TENG that is
based on an electrode structure for which an Au NS multilayer ﬁlm is
embedded inside an elastomer PDMS matrix has been developed successfully. Owing to the superior mechanical durability and stretchability of the Au NS-embedded in PDMS, the Au NS-TENG can be stably
operated using a repetitive pushing mode (with a compressive force up
to 6 N) and a stretching mode (with a strain up to 50%). Furthermore,
by applying the Au NS-TENG to various parts of the hand, it has been
shown that, given the mechanical deformation in repetitive human
motion, it is possible to drive the device stably with both vertical and
horizontal movements. Therefore, the human-movement detection can
be self-powered without an external power supply, and it is expected
that the proposed device can be applied to an energy source of the nextgeneration wearable electronic devices, such as wireless sensors, temperature imaging, medical diagnostics, and self-powered biomedical
applications.
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