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ABSTRACT Here we report a fully flexible, foldable nanopatterned wearable
triboelectric nanogenerator (WTNG) with high power-generating performance and
mechanical robustness. Both a silver (Ag)-coated textile and polydimethylsiloxane
(PDMS) nanopatterns based on ZnO nanorod arrays on a Ag-coated textile template
were used as active triboelectric materials. A high output voltage and current of about
120 V and 65 uA, respectively, were observed from a nanopatterned PDMS-based
WTNG, while an output voltage and current of 30 V and 20 A were obtained by the
non-nanopatterned flat PDMS-based WTNG under the same compressive force of
10 kgf. Furthermore, very high voltage and current outputs with an average value of
170 V and 120 uA, respectively, were obtained from a four-layer-stacked WTNG under
the same compressive force. Notably it was found there are no significant differences
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in the output voltages measured from the multilayer-stacked WTNG over 12 000 cycles, confirming the excellent mechanical durability of WTNGs. Finally,

we successfully demonstrated the self-powered operation of light-emitting diodes, a liquid crystal display, and a keyless vehicle entry system only with the

output power of our WTNG without any help of external power sources.
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extile-based devices have gained
Ttremendous attention due to their

excellent flexibility, high sustainabil-
ity, light weight, comfort, and wide-ranging
applications such as wearable electronic
devices, robotic sensory skins, and bio-
medical devices.'™ In particular, wearable
electronic devices are different from exist-
ing mobile gadgets, including smartphones
and tablets, which look and feel similar to
one another, indicating that the devices not
only have to be functional but have to be
well designed as well. Further, to reduce the
size and weight of a wearable device, it is
inevitable that a novel wearable energy
source with high flexibility, high mechanical
robustness, light weight, and large power
output has to be integrated with the textile
platform. The wearable devices require
their own power sources. In most cases,
the power source is a conventional elec-
trochemical battery. However, even if the
battery has a huge capacitance, it has a
limited lifetime. Furthermore, flexible and
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stretchable batteries to be integrated with
the textile suffer from very low mechanical
durability and very short battery lifetimes. In
these regards, nanogenerators (NGs) have
been regarded as an important new type of
energy-harvesting technology that converts
mechanical energy into electrical energy and
have attracted great attention for realizing
self-powered wearable electronics.>~'2
Recently, new types of simple, reliable,
and cost-effective triboelectric NGs (TNGs)
have been successfully developed and used
to harvest mechanical energy.’* 32 In prin-
ciple, surface charge is transferred when
two materials with different triboelectric
polarities are contacted/rubbed together;
when they separate, a dipole moment is
developed, which drives electrons through
external loads on the basis of both tribo-
electric and electrostatic effects. The output
power of TNGs has been successfully used
for self-powering various kinds of sen-
sors and mobile electronics with low
power consumption.'*3373> The surfaces
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of triboelectric materials are often modified to enhance
the friction and surface area. Although various types of
nanostructures such as nanoparticles, nanorods, and
nanowires are decorated into TNGs to increase the
contact area between two friction surfaces for obtain-
ing large power generation from the TNGs, the TNGs
with nanostructured surfaces are fabricated on a plas-
tic platform rather than a textile one for wearable
electronics.”®'*3% Hence, a low-cost but simple ap-
proach for nanopatterning on triboelectric-active
materials with a textile platform is crucial to realize
the full potential of TNGs.

Commercially available metal-coated textile mate-
rials have emerged as promising substrates for a wide
range of wearable electronic device applications due
to their excellent mechanical strength, light weight,
flexibility, foldability, stretchability, good machinabil-
ity, and low cost. For highly efficient WTNGs, tribo-
electric nanopatterns with large surface area on textiles
are greatly desirable. However, to the best of our
knowledge, there has been no report on nanopat-
terned textile-based wearable TNGs (WTNGs) with very
high mechanical robustness by bottom-up nano-
structuring due to very weak adhesion between the
textile and nanostructure, causing mechanical durabil-
ity issues. Therefore, it remains a sizable challenge to
nanostructure a metal-coated textile that is both chem-
ically and physically damage-free.

Herein we demonstrate a new type of fully flexible,
foldable nanopatterned WTNG with high power-
generating performance and mechanical robustness
for the first time. Both a silver (Ag)-coated textile and
polydimethylsiloxane (PDMS) nanopatterns based on
ZnO nanorod (NRs) arrays on a Ag-coated textile
template were used as active triboelectric materials.
Nanopatterning was achieved by coating PDMS
directly over vertical ZnO NRs grown on the Ag-coated
textile substrate. A high output voltage and output
current of about 120 V and 65 uA, respectively, were
observed from a nanopatterned PDMS-based WTNG,
while an output voltage and output current of 30 V
and 20 uA were obtained by the non-nanopatterned
flat PDMS-based WTNG under the same mechanical
compressive force. Furthermore, it was found that the
electric power output can be effectively increased
by the multilayered vertical staking of the WTNG with
ease. Very high voltage and current outputs with an
average value of 170 V and 120 uA, respectively, were
obtained from the four-layer-stacked WTNG. The out-
put power was maximized at around 1.1 mW at an
external resistance of about 1 MQ. Notably, it was
found that there are no significant differences in the
output voltages measured from the multilayer-stacked
WTNG over 12000 cycles, confirming the excellent
mechanical durability of WTNGs. Finally, we success-
fully demonstrated the self-powered operation of
light-emitting diodes (LEDs), a liquid crystal display
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(LCD), and a keyless vehicle entry system only with the
output power of our WTNG without any help from
external power sources.

RESULTS AND DISCUSSION

Schematic images in Figure 1a and b present the
fabrication process of the fully flexible and foldable
WTNG. ZnO NR array-templated PDMS nanopatterns
acting as a triboelectric active layer at the bottom side
were synthesized on a Ag-coated textile substrate
using a hydrothermal growth method of ZnO and a
dip-coating process of a PDMS solution. The top Ag-
coated textile was utilized as a flexible and foldable
substrate as well as a triboelectric-active material. No
additional spacer was used between the textile and the
nanopatterned PDMS. Nanopatterning promotes the
triboelectrification effect by increasing the effective
contact area and friction during contact and separation
of the textile and PDMS.

Figure 1c is a field-emission scanning electron mi-
croscopy (FE-SEM) image of the nanopatterned PDMS
on the plain weave textile coated with Ag. The FE-SEM
analysis of the PDMS-coated ZnO NR sample was
carried out to investigate the fine features within the
structure, as shown in the inset of Figure 1c. It is clearly
shown in the FE-SEM image that the PDMS nanopat-
terns were successfully fabricated on the textile sub-
strate with the help of the ZnO NR template. FE-SEM
images of the Ag-coated knitted woven textile top
electrode are shown in Figure S1.The FE-SEM images in
Figure S2 reveal uniformly well-aligned ZnO NRs on
the textile substrate. The average diameter and length
of the ZnO NRs were 100 nm and 1 um, respectively.
A photographic image (Figure 1d) shows the high
flexibility and foldability of the WTNG with the nano-
patterned PDMS on the Ag-coated textile substrate.

In order to compare the electric power output
performance, we also fabricated a WTNG without the
nanopatterned PDMS film, i.e., a flat PDMS and a top
Ag-coated textile electrode as the opposite triboelec-
tric material. The output voltage and current generated
from both the WTNGs were measured by applying
compressive force (10 kgf) perpendicular to the WTNGs
using a mechanical force stimulator. An output voltage
of approximately 30 V was observed with an output
current of 20 uA from the flat PDMS-based WTNG
(Figure 2a and b), while the nanopatterned WTNG
produced a very high output voltage and current, with
average values of 120 V and 65 uA, respectively, under
the same compressive force of 10 kgf (Figure 2c and d).
The large enhancement in the output voltage and
current is attributed to the increase in friction achieved
via the nanopatterned PDMS structure.

Polarity-switching tests were also carried out to
confirm that the output electric signals originated
from the WTNG rather than the measurement system
(see Supporting Information, Figure S3). An opposite
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Figure 1. (a) Schematic illustration of the WTNG. (b) Fabrication process of the nanopatterned PDMS structure. (c) FE-SEM
images of the bottom textile with nanopatterned PDMS. Inset is a high-resolution image clearly showing the ZnO
NR-templated PDMS nanopatterns. (d) Photographic image of the flexible, foldable WTNG.

output signal is observed when the WTNG is connected
in reverse connection. The observed large electric
power output is several times higher than the output
power of other textile-based NGs.3’~*? It should be
noted that the output power obtained from the nano-
patterned PDMS-based WTNG is sufficient to power
small-scale electronic devices with low power con-
sumption. In addition, the COMSOL package was used
to investigate the triboelectric charge distribution in
the flat and nanopatterned WTNGs under the same
compressive force. It was found that the triboelectric-
induced charge potential is dramatically increased
by nanopatterning, as shown in Figure 2e and f. The
potential distribution in the flat and nanopatterned
WTNGs reveals good agreement between the results
obtained from experiments and simulations.

The charge generation mechanism of the WTNG
based on the conductive flexible Ag-coated textile
and nanopatterned PDMS in the contact—separation
due to the cyclic application and release of a load is
illustrated in Figure 3. It is well known that a periodic
contact and separation between two materials with
opposite triboelectric polarities drives electrons back
and forth through an external circuit due to the
coupling of the triboelectric effect and the electrostatic
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effect.’® The charge transfer characteristic between Ag
and PDMS strongly depends on their relative positions
in the triboelectric series. In the present device con-
figuration, initially the device remained neutral in the
absence of any external force (Figure 3a). Further,
when a compressive force is applied to the top surface
of the device, the Ag-coated textile and the nanopat-
terned PDMS film are rubbed together. At this time
triboelectric charges with opposite signs are generated
depending on the position in the triboelectric series.
Electrons are injected into the PDMS film from the
conductive Ag textile, which results in the Ag-coated
textile becoming positively charged and the PDMS
becoming negatively charged (Figure 3b).

Once the textile and the nanopatterned PDMS film
are separated from each other, the dipole moment
becomes stronger. In order to maintain the original
state of electrostatic equilibrium, electrons flow from
the bottom electrode to the Ag-coated textile electrode;
then an electric signal is observed (Figure 3c). The
equilibrium stage is shown in Figure 3d, and no electrical
signal is observed at this stage. It is worth pointing out
that an effective dipole moment can form without any
need for an additional spacer between the PDMS
and the top textile due to the naturally formed
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Figure 2. Electrical power output performances of the WTNGs. (a, b) Output voltage and current from the flat PDMS-based
WTNG, respectively. (¢, d) Output voltage and current from the nanopatterned PDMS-based WTNG, respectively.
The potential distributions of (e) the flat PDMS-based WTNG and (f) the nanopatterned PDMS-based WTNG obtained by

the COMSOL Multiphysics software.

significant gap that originates from the inherent elasti-
city of the materials. When the Ag-coated textile and the
PDMS surfaces are rubbed together with subsequent
application of pressure, the dipole moment is dimin-
ished. Thus, the electrons accumulated on the upper
side flow back to the bottom electrode side, and an
electric signal in the opposite direction is observed
(Figure 3e). Therefore, continuous application and re-
lease of an external load can generate a complete cycle
of alternating current electric signal, as shown in the
inset of Figure 3.

To further enhance the total power output, a
multilayer-stacked WTNG is demonstrated. In this
design, PDMS nanopatterns based on ZnO NRs formed
via a dip-coating process were synthesized on both
sides of the Ag-coated textile substrate. A schematic
image of the multilayer-stacked WTNG is displayed in
Figure 4a.In order to realize a stacked structure, initially
both sides of the nanopatterned PDMS were placed on
the top of a single cell of WTNG. The multilayer-stacked
structure of WTNG was finally obtained by adding
another single cell of WTNG. The double-sided nano-
patterned PDMS is sandwiched with two Ag-coated
textiles. Thus, the multilayer-stacked WTNG device has
four active single WTNG units. To evaluate the power
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output performance of the multilayer-stacked WTNG,
we measured the output voltage and current by
applying a pushing force to the top of the WTNG in
the vertical direction. The voltage and current output
were measured as a function of the number of stacks
(Figure 4b). The voltage and current output increased
linearly with the number of stacks. Interestingly, very
high voltage and current outputs with an average
value of 170 V and 120 uA, respectively, were obtained
from the four-layer-stacked WTNG under a normal
compressive force of 10 kgf. It is clear that the output
voltage and current from the multilayer-stacked WTNG
were greatly enhanced compared to those of the
single-cell WTNG. The higher output performance with
the increase in the number of layers is attributed to the
parallel connections of WTNGs and the generation of
high surface triboelectric charges.

Furthermore, the electric output signals from the
stacked WTNG were achieved at different forces rang-
ing from 0.1 to 15 kgf (Figure 4c). It was found that
there is steep increase of output voltage as a function
of the applied force below 1 kgf (the region indicated
as R(i)), and in the range from 1 to 10 kgf, the output
voltage and current increase linearly with the applied
force, reaching maximum values of about 170 V and
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Figure 3. Power generation mechanism of WTNG. (a) The initial state of the device remains neutral in the absence of any
external force. (b—e) Schematic illustration showing the suggested working principle of the WTNG with electron and current

flow diagrams.

120 uA, respectively (the region indicated as R(ii)). On
the other hand, no further significant increase of
electric output was observed over the applied force
of 10 kgf (the region indicated as Riiii)). A larger applied
force leads to the formation of a larger contacting area,
indicating the generation of higher density triboelec-
tric charges on the triboelectric active layers of Ag and
PDMS.*® The saturation in electric power output be-
yond the critical force is due to the limited capability of
surface charge generation by triboelectrification. The
actual voltage and current output results obtained
from the four-layer-stacked WTNG with variation of
the applied force are presented in Figure S4. We further
explored the output voltages with continuous appli-
cation of cycled compressive force to the four-layer-
stacked WTNG. Notably, there were no significant
differences in the output voltages measured from the
multilayer-stacked WTNG over 12 000 cycles (Figure 5),
confirming the excellent mechanical durability of our
WTNG in this work. The strain distributions of ZnO NR
arrays and ZnO NR array-templated PDMS nanopat-
terns on the same Ag-coated textiles were simulated as
shown in Figure S5. Strain fields generated by applying
a vertical compressive force are mainly localized at
both the top and bottom of the ZnO NRs, while they
are uniformly distributed over the entire ZnO NRs with
the help of a PDMS coating, resulting in the stable
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power-generating performance of the WTNG with
PDMS nanopatterns.

The output voltage and current from the stacked
WTNG were systematically measured using different
resistors as external loads (Figure 6a). The output
current decreases with increasing resistance, while
the output voltage follows a reverse trend. The corre-
sponding output power of the stacked WTNG was also
plotted as a function of external resistance (Figure 6b).
The results show that the output power increases at
a low resistance and then decreases at a higher
resistance. The output power is maximized at around
1.1 mW at an external resistance of about 1 MQ.
Further, in order to build a complete power package
to continuously power small-scale electronic systems
by the WTNG, the electric charge output was stored ina
capacitor. To demonstrate the charging behavior by
the WTNG, two capacitors with values of 3.3 and 10 uF
were used for electric energy storage. A rectification
circuit was used to convert the alternate current signal
into a direct current signal. The charging curves of the
capacitors charged by the power generated from the
stacked WTNG are shown in Figure 6¢c. The results
confirm that the WTNG takes 20 s to charge the
10 uF capacitor to 2 V and the 3.3 uF capacitor to 7 V
under an application of a compressive force normal to
the WTNG.
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Figure 4. (a) Schematic image of the multilayer-stacked
WTNG. (b) Voltage and current outputs measured as a
function of the number of stacks by applying a pushing
force to the top of the WTNG in the vertical direction.
(c) Electric output signals obtained from the stacked WTNG
at different forces ranging from 0.1 to 15 kgf.

To demonstrate the application of the WTNG as a
power source to drive personal wearable electric
devices/systems, we embedded LCD, LEDs, and a
remote control (keyless vehicle entry system) in “the
self-powered smart suit”. We directly powered six LEDs
connected in series, an LCD, and a remote control,
using the output power of the WTNG. The flexibility of
the device enabled a multilayer-stacked WTNG to be
affixed to a commercially available jacket as shown
in Figure 7. An LCD screen with the “Sungkyunkwan
University” logo, six green in-series connected LEDs, a
remote control, and power controller switches were
also affixed to the self-powered smart suit at different
positions, as shown in Figure 7a—e. The schematic
circuit diagram used for operating the LEDs, LCD,
power controller, and remote control is shown in
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Figure 5. Mechanical durability test of the WTNG. (a) Out-
put voltages with continuous application of cycled com-
pressive force to the four-layer-stacked WTNG over 12 000
cycles. (b) Voltage outputs at the initial stage. (c) Voltage
outputs after 12000 cycles.
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Figure 6. (a) Voltage and current outputs from the
stacked WTNG as a function of different resistors as external
loads. (b) Dependence of the maximum power on external
load resistances. (c) Charging curves of 3.3 and 10 uF
capacitors charged by the power generated from the
stacked WTNG and charging steps of the 3.3 uF capacitor
(inset).
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Figure 7. Self-powering of a commercial LCD, LEDs, and a
remote control (keyless vehicle entry system) embedded in
the “self-powered smart suit” using the WTNG. (a) The LCD
lit up and displaying the “Sungkyunkwan University” logo
using the output power generated from the WTNG. (b) Six
LEDs simultaneously lit up by the power output generated
from the WTNG directly. (c) Power controller switches
affixed in a pocket. (d) Multilayer-stacked WTNG inserted
on the jacket sleeve. (e) Operation of a remote control used
for a keyless vehicle entry system using a commercial
capacitor (1200 uF) charged only by the WTNG without
any help from an external charging source.

Figure S7. The LCD screen turned on when the output
power generated by the WTNG exceeded the thresh-
old voltage of the LCD screen, as shown in Figure 7a.
The rectified output power generated from the WTNG
was sufficient to simultaneously activate all six LEDs
(Figure 7b). Finally, a remote control used for a keyless
vehicle entry system was operated using a commercial

EXPERIMENTAL SECTION

Fabrication of the Nanopatterned PDMS Structure on Textile. Com-
mercially available Ag-coated woven textiles were used for
fabricating WTNGs. The PDMS nanopatterns were fabricated
on ZnO NRs. For the formation of a ZnO seed layer, zinc acetate
[Zn(CH3CO0), - 2H,0, 0.03 M] was dissolved in ethanol (100 mL)
and used as a seed solution. The Ag-coated textile substrate
was dipped for 10 min to form a ZnO seed layer, then dried on a
hot plate at 100 °C. The dipping and annealing step was
repeated three times. ZnO NRs were grown on the ZnO seed
layer/Ag-coated textile substrate in a mixture of zinc nitrate
hexahydrate [Zn(NOs),-6H,0, 0.025 M], hexamethylenetetra-
mine (0.025 M), and deionized water (500 mL). The growth
of the ZnO NRs was done at 95 °C for 3 h. To realize the
nanopatterning, a PDMS solution was coated onto the ZnO NR
arrays using a dip-coating process, followed by a thermal anneal
at 80 °C for 2 h.

Characterization and Measurements. The morphology and struc-
tural properties of ZnO NRs and nanopatterned PDMS were
examined by FE-SEM. A pushing tester (Labworks Inc., model no.
pa-151 and ET-126B-4) was used to apply programmed forces to
the WTNGs. A Tektronix DPO 3052 digital phosphor oscilloscope
and low-noise current amplifier (model no. SR570, Stanford
Research Systems, Inc.) were used to detect the output signals
generated from the WTNG.

capacitor (1200 u«F) charged only by the WTNG without
any help from an external charging source. Figure 7e
depicts the remote control keyless entry activated
when the corresponding switch is turned on.

CONCLUSIONS

In conclusion, we have demonstrated the high
electric-power-generating performance and mechan-
ical robustness of fully flexible, foldable WTNGs with
PDMS nanopatterns based on ZnO NRs formed on a
Ag-coated textile template. A high output voltage and
output current of about 120 V and 65 uA, respectively,
were observed from the nanopatterned PDMS-based
WTNG, while an output voltage and output current
of 30 V and 20 uA were obtained by the non-
nanopatterned flat PDMS-based WTNG under the
same mechanical compressive force of 10 kgf. In
addition, very high voltage and current outputs with
an average value of 170 V and 120 uA, respectively,
were obtained from the four -layer-stacked WTNG
under the same normal compressive force. The output
power was maximized at around 1.1 mW at an external
resistance of about 1 MQ. It was found that there are no
significant differences in the output voltages mea-
sured from the multilayer-stacked WTNG over 12 000
cycles, confirming the excellent mechanical durability
of the WTNG in this work. Finally, we successfully
demonstrated the self-powered operation of LEDs,
the LCD, and the keyless vehicle entry system only
with the output power of our WTNG without any help
from external power sources, which proves potential
applications of WTNGs in self-powered smart clothes,
health care monitoring and self-powered wearable
devices, and even personal electronics.
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