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ABSTRACT
We report a water-resistive and wearable triboelectric nanogenerator on a polyurethane/polyester textile substrate with a planarization layer.
The power generation and reliability of the triboelectric nanogenerators (TENGs) fabricated utilizing a resin planarization layer were sig-
nificantly enhanced in comparison with those of TENGs without the resin planarization layer. The planarization layer was deposited on
the polyurethane/polyester textile substrate by using spin coating and ultraviolet curing to improve its surface properties and polarity. The
output voltages and currents of TENGs based on a resin planarization layer on a polyurethane/polyester substrate were measured in the ver-
tical contact-separation mode by using a counter unit containing Al electrodes and a polyimide friction layer. The TENGs exhibited a peak
potential of over 30 V, which is about three times larger than that of the devices without such a planarization layer, and the corresponding
maximum power density was 3.16 mW/m2. Furthermore, the results of endurance and water resistance tests carried out on the TENGs with
a resin planarization layer on a textile substrate showed that such devices were suitable for use in applications in which the device must be
worn.
© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0055552

I. INTRODUCTION

Textile-based electronic devices have attracted extraordinary
attention for next-generation electronic applications due to their
excellent material advantages of flexibility, light weight, and versa-
tility, their excellent physical properties when used in thin devices,
and their durability under tension and high humidity.1–6 Wearable
devices, as represented by smart mobile applications, is a field that
is greatly influenced by the development of textile-based electronic
devices. Recently, much research has been conducted on wearable
electric devices to reduce their power consumption, size, and weight
and to integrate several functions into the textile system.7–14 As
a result of various research efforts, the performance of wearable
devices has evolved in many ways, but in order for more practical

wearable devices to be developed, the need for a plug-in power sup-
ply must be eliminated.15–18 The power source for currently available
wearable devices is a conventional capacitor-based battery, which
has a limited lifetime and must have a large size so as to achieve
a sufficiently large capacitance. Alternatively, flexible, transparent,
and stretchable batteries suffer from low mechanical durability and
short battery lifetimes.19–21

Triboelectric nanogenerators (TENGs) use renewable energy-
harvesting technology based on the electric polarity difference
between two active layers. The major principle underlying the
energy-harvesting mechanism of TENGs is the conversion of
mechanical energy into electricity.22–28 Hence, the major advantage
of TENGs, when compared with other renewable energy-harvesting
candidates, such as those based on photovoltaic, tidal, and wind
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electricity generation, is the fact that they can be operated inde-
pendently of solar, wave, and wind power.29–33 In particular,
because of the ability of TENGs to generate electricity indepen-
dent of the environment, wearable TENGs (WTENGs) have been
widely studied and have become attractive candidates for use as
power sources in plug-in-free devices and simple mobile electron-
ics. Recently, some promising research results on enhancing the
efficiency of highly reliable TENGs fabricated using simple pro-
cesses and capable of continuously generating energy have been
reported.34–38

One of the most attempted ways to realize highly efficient
TENGs with enhanced power generation is the use of nanos-
tructures, such as nano-rods, nano-particles, and nano-ripples, to
increase the difference in the polarities and contact area.27,28 In the
case of WTENGs, because the textile substrate has a certain pattern
and may not be even, the very weak adhesion between the textile and
the nanostructure, which might cause mechanical durability issues,
must be overcome.39–41 One way to overcome the weak adhesion
is to employ a stacked layer that covers the pattern of the textile
substrate.42–45

In this paper, we present WTENGs based on a polyurethane/
polyester textile substrate with a resin planarization layer. As the
planarization layer, a UV-cured resin was deposited onto the
polyurethane/polyester textile substrate to improve its morphology
and polarity. TENGs with various polymeric materials have been
studied; however, TENGs with the resin planarization layer, con-
sisted of mercapto ester and triallyl isocyanurate, have some advan-
tages for higher power generation and surface protectivity. Scanning
electron microscopy (SEM) images showed the surface conditions
of the textile substrates with and without a resin planarization layer.
The output voltage and current of the TENGs based on a planarized
textile substrate containing Ag electrodes and a polyimide friction
layer and operating in the vertical contact-separation mode were
measured, and a peak potential of over 30 V, which is about three
times larger than that of the device without the resin planariza-
tion layer, was realized. Furthermore, endurance tests were per-
formed over 500 cycles of the TENG based on the textile substrate
with a resin planarization layer operating in the vertical-contact

mode; moreover, the water resistance property was tested after the
TENG had been soaked for 30 min in water. The results confirmed
that our device, which was fabricated using a simple and low-cost
process, is suitable for use in plug-in-free and wearable electronic
devices.

II. EXPERIMENTAL DETAILS
Polyester/polyurethane textile substrates were cut into squares

of (2.5 cm)2, and N2 gas with a purity of 99.999% was blown
over them to remove any dust and liquid. The cleaned textile sub-
strate was attached to bare glass for ease of handling during the
deposition of the resin onto the textile substrate. The resin, which
is produced by Norland Products, Inc., is called Norland Optical
Adhesive 63. The triboelectric series of the resin have not been
revealed, but it might be more positive than those of Kapton and
DuraLar polyester film considering the triboelectric series of poly-
meric epoxy resin agents.46,47 We spin-coated the resin onto the
textile substrate at 2000 rpm for 35 s, after which we allowed the
textile substrates to stand for 10 min. Then, the textile substrates
were exposed to 365-nm light from a UV lamp (6 W, Vilber Lour-
mat, 230 V, 50/60 Hz) for 2 h to cure the resin. The textile sub-
strate with the UV-treated resin coating was loaded into a vac-
uum chamber, and a 100-nm Ag electrode was deposited onto it.
The entire fabrication process for the conductive, wearable, tex-
tile substrate is pictorially illustrated in Figs. 1(a)–1(g); a photo-
graph of a TENG with a resin/polyester/polyurethane textile sub-
strate attached to a shirt is shown on the right side of the figure. The
counter electrode was an Al foil attached to a polyimide film called
Kapton.

Scanning electron microscope (SEM) images of the surfaces
of the Ag/polyester/polyurethane textile substrates with and with-
out the resin planarization layer were obtained by using a Nova
Nano SEM 200 system operating at 15 kV; the scanning area was
15 × 15 mm2 and was viewed with 100 times magnification. The
contact-angle for deionized water was obtained by a contact-angle
measuring instrument (Phoenix 300 A, SEO Co., Inc.). The mechan-
ical properties of the textile substrates without and with a resin

FIG. 1. Schematic diagram for the production of a triboelectric nanogenerator (TENG) based on a polyester/polyurethane textile substrate. (a) The polyester/polyurethane
textile substrate was cut into squares with an area of 2.5 × 2.5 cm2. (b) Nitrogen gas with a purity of 99.999% was blown over the polyester/polyurethane textile substrate to
clean its surface and pores. (c) A resin layer was spin-coated onto the polyester/polyurethane textile substrate. (d) The polyester/polyurethane textile substrate was exposed
to light from a 365-nm UV lamp. (e) An Ag electrode was evaporated onto the resin/polyester/polyurethane textile substrate. (f) A photograph of the completed wearable
TENG. (g) The wearable TENG can be operated by tapping on clothes to generate electricity.
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FIG. 2. (a)–(d) Schematic illustrations for one cycle of a triboelectric nanogenerator (TENG) operating in the contact-separation mode and (e) the comparison between the
surface morphology and the adhesion to the Ag electrode without and with a resin planarization layer. The electron flow due to the movements of electrons and holes during
the operation of the TENG is graphically shown.

planarization layer were measured using a universal testing machine
(UTM, LR5KPlus, LLOYD Instruments Ltd.) with a loading rate of 1
mm/min. A handmade TENG measurement system integrated with
a four-channel digital storage oscilloscope (TDS 2024C, 200 MHz/2
GS/s, Tektronix) was used to measure the open-circuit voltage of
the TENGs while being worn and operating in the vertical contact-
separation mode with tapping as the power source. The output

voltage performance of a wearable triboelectric nanogenerator
attached to a cotton sheet operating in the single-electrode mode and
sliding mode with water droplets were also measured. The short-
circuit current and the endurance of the output voltages for the
TENGs after having been washed were measured using a DMM7510
7 1/2-digit multimeter (Keithley), which is a four-channel electrom-
eter with an inner impedance of 10 Ω.

FIG. 3. Scanning electron microscopy images of the surfaces of the polyester/polyurethane textile substrates (a) without and (b) with a resin planarization layer. The
images are magnified 100 times, and scale bars are included. The contact-angle for water of the polyester/polyurethane textile substrates (c) without and (d) with a resin
planarization layer. (e) Breathability of the textile substrates without and with a resin planarization layer in the sealed container at 45 ○C for 3 h. (f) The inserted image of
the universal testing machine (UTM) measurement performing the textile substrate of 2 × 0.5 cm2 and load–strain curves of the textile substrate without and with a resin
planarization layer.
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III. RESULTS AND DISCUSSION

Figures 2(a)–2(d) illustrate the operation of the textile-based
TENGs operating in the vertical contact-separation mode. The
triboelectricity in both friction layers (Kapton and textile substrate)
causes the electrons in both electrodes to relocate as a result of the
contact and separation. The triboelectric difference between the fric-
tion layers greatly affects the movement of electrons to the opposite
electrode in order to achieve electrical equilibrium in the device,
as has been reported in various papers.24,31 The performance of a
TENG also depends very much on the materials used and their sur-
face conditions because voltage generation in a TENG is the result
of actual electron exchange between the negative and the positive
friction layers. Because of this, a resin planarization layer should
improve the surface morphology and the adhesion to the Ag elec-
trode, which is crucial for increasing the efficiencies and reliabilities
of TENGs based on textile substrates [Fig. 2(e)].

Figures 3(a) and 3(b) show SEM images of Ag/polyester/
polyurethane textile substrates without and with the resin pla-
narization layer, respectively. The morphologies of the textile
substrate were significantly changed by the resin planarization
layer. While the surface of the Ag/polyester/polyurethane textile
substrate was uneven due to their bare fabric structure of the
polyester/polyurethane, that of the planarized substrate was suffi-
ciently flat. The contact-angle for water was indicative of the sur-
face roughness of the textile substrates without and with the resin
planarization layer [Figs. 3(c) and 3(d)]. The surface of the textile
substrate with the planarization layer shows greater water-droplet
dispersion than that without the planarization layer as the surface
becomes smoother.

To quantitatively evaluate the breathability of our textile, the
mass change of the water in the sealed container covering the open-
ing of the textile substrate without and with a resin planarization
layer is observed, as shown in Fig. 3(e). The temperature around the

FIG. 4. Enhanced electrical performance of a triboelectric nanogenerator (TENG) with a planarization layer. Graphical structures of the TENGs (a) without and (d) with
a resin planarization layer for operation in the vertical contact-separation mode. (b) and (e) Open-circuit voltages and (c) and (f) short-circuit currents of TENGs with
Ag/polyester/polyurethane and with Ag/resin/polyester/polyurethane substrates, respectively, for operation in the vertical contact-separation mode (4 Hz). (g) Dependences
of the output voltages and the output currents of the TENGs with a Ag/resin/polyester/polyurethane structure on the load resistance for resistances from 1 kΩ to 300 MΩ.
(h) Power density of the TENG as a function of the resistance, as calculated by using the output voltage and the output current for an active area of (2.5 cm)2.
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sealed container was controlled at ∼45 ○C for 3 h. The mass of the
water in the sealed containers covering the textile substrate without
and with a resin planarization layer were reduced by 74% and 28%.
The water evaporation ratios of the textile substrate without and
with a resin planarization layer were 0.012 and 0.004 kg m−2 h−1,
respectively. Figure 3(f) shows the load–strain curves of the textile
substrate without and with a resin planarization layer. The textile
substrate without a resin planarization layer exhibits stretchability
with elongation up to 4.57% at 7 N, which is slightly higher than that
of the textile substrate with a resin layer of 4.11% at the same force.
Overall, the stacked resin planarization layer does not adversely
affect its breathability and ductile property of the textile substrate.

In order to contrast the electrical performance of the TENGs
with and without the resin planarization layer, we measured the
open-circuit voltages and short-circuit currents of TENGs operating
in the vertical contact-separation mode by tapping, and the results
are shown in Fig. 4. The peak open-circuit voltage and short-circuit
current of the TENGs with the resin planarization layer were about
30 V and 2 μA, respectively, much higher than those of the TENGs
without the resin planarization layer, indicative of enhanced tribo-
electric power generation due to the presence of the resin planariza-
tion layer [Figs. 4(b)–4(f)]. Antisymmetric performances in the pos-
itive and negative regions were observed in the open-circuit voltages
and short-circuit currents of the TENGs, which were caused by the
use of a tapping measurement system. Moreover, the direct contact
between the upper dielectric layer and the Ag electrode can afford
the charge generation of the device, making in the negative voltages
of our TENGs being mostly smaller than the positive voltages. How-
ever, the resin planarization layer, whose triboelectric series is more
positive than that of the textile, compensates the charge generation
process because the increment in the negative voltage of the TENG
with the resin planarization layer is greater than that of the positive
voltage.

The dependences of the output voltage and the output current
of the TENGs with a Ag/resin/polyester/polyurethane structure on
the load resistance were measured, and the results are shown in
Fig. 4(g). The load resistance was varied from 1 kΩ to 300 MΩ.
In this resistance range, the voltage increased with the increasing
load resistance and gradually saturated at resistances above 100 MΩ,
while the output current decreased from 1.5 to 0.5 μA. Consequently,
the power density increased from 0.266 μW/m2 to a maximum of
3.16 mW/m2 at a load resistance of 200 MΩ [Fig. 4(h)].

The endurance tests of the textile TENGs were conducted at
room temperature, and the results are shown in Fig. 5(a). The open-
circuit voltage experienced no noticeable degradation during 500
repetitive operations, indicating that the performances of the TENGs
were very stable. Because WTENGs should be water resistant, we
tested the water resistance of a Ag/resin/polyester/polyurethane unit
(2.5 × 2.5 cm2) by totally submerging it in water at 20 ○C for
30 min, which is a possible laundering condition, and the results
are shown in Fig. 5(b). The unit was naturally dried for 3 h to
restore it to its original state; then, the open-circuit voltage was
measured. The open-circuit voltage of the washed TENG, which is
shown in Fig. 5(c), was slightly lower than that of the unwashed
TENG [Fig. 5(a)], and its endurance was less stable with a marginally
increased noise. These results are thought to be due to the presence
of remaining water, which disrupts the flow of electricity.

In order to prove that out TENGs are suitable for use as wear-
able devices, we obtained the electric performances of the TENGs
operating in the single-electrode mode [Fig. 6(a)], and the results
are shown in Figs. 6(b) and 6(c). The WTENG was designed to
have a structure similar to that of a device attached to the inside
of cotton clothes. The peak open-circuit voltage and short-circuit
current were about 2 V and 0.4 μA through ten cycles of opera-
tion. Their efficiency and reliability when operated in the single-
electrode mode were remarkably different from those in the vertical

FIG. 5. Endurance and water resistance of TENGs with Ag/resin/polyester/polyurethane textile substrates. (a) Endurance of the open-circuit voltage during repetitive
operations of about 500 cycles, including an enlarged view for the ten cycles in the middle. (b) For cleaning, we allowed the Ag/resin/polyester/polyurethane textile substrate
to remain under water for 30 min, after which it was naturally dried for 3 h. (c) To determine the water resistance, we measured the open-circuit voltage of a TENG with a
washed Ag/resin/polyester/polyurethane textile substrate during repetitive operations of about 500 cycles.
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FIG. 6. (a) An example for the WTENG used as a wearable device operating in the single-electrode mode. (b) Open-circuit voltage and (c) short-circuit current as functions
of time, along with (d) schematic illustrations for one operating cycle for a WTENG operated in the single-electrode mode by using a human finger. (e) Schematic diagram
and (f) the open-circuit voltage of the WTENG collecting energy from water droplets.

contact-separation mode because the counter unit of the TENG was
the human body and the human body is not electrically stable due
to the atmosphere. The operation mechanism for a TENG in the
single-electrode mode is shown in Fig. 6(d). In detail, the electric
charge of the cotton, the Ag electrode, and the grounded electri-
cal load was balanced, and the approaching human body broke the
electrical equilibrium, thus allowing the electrons to move. As the
human body moves away from the device, electrons may be restored
and equilibrium may be re-established because no actual electron
exchange occurs between the human body and the Ag electrode.

Moreover, we performed the electric performances of the
WTENGs to collect energy from dropping aqua droplets. Accord-
ing to the working mechanism as mentioned above, the electron
transfer and electricity generation are mainly driven by the tribo-
electrification and the electrostatic induction processes, as shown in
Fig. 6(e). The height and the inclination angle were simply fixed to
10 cm and 50○, respectively. The maximum open-circuit voltage of
the WTENG from a dropping aqua droplet was 0.22 V, as shown in
Fig. 6(f), and the triboelectric energy of the WTENG was continu-
ously collected by the flowing aqua droplet, thus causing a change in

the electrostatics between the water droplet and the textile substrate
with a resin planarization layer.

IV. CONCLUSION
In summary, we fabricated a water-resistive and wear-

able TENG using a polyurethane/polyester textile substrate. A
resin planarization layer was purposely deposited onto the
polyurethane/polyester textile substrate to increase both the amount
of electricity generated and the reliability of the device. The mea-
sured open-circuit voltage and short-circuit current for the TENG
with a resin planarization layer operating in the vertical contact-
separation mode were significantly increased in comparison with
those for the TENG without the planarization layer. The output volt-
age increased gradually with increasing load resistance, and a maxi-
mum power density of 3.16 mW/m2 was achieved at a load resistance
of 200 MΩ. The measured endurance and water resistance of the
TENG with the resin planarization layer confirmed its suitability for
use in a water-resistive and wearable device. The electrical perfor-
mances of TENGs operated in the single-electrode mode by using
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the human body and working from moving droplets were measured,
and the peak open-circuit voltages were about 2 and 0.22 V, respec-
tively, during ten cycle operations, further confirming its suitability
for use in practical applications.
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