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Abstract: A triboelectric generator (TEG) is a simple coupling combined with triboelectrification
and electrostatic induction, which can convert mechanical energy into electrical energy and have
the potential for self-powered device application. In this study, TEGs are fabricated consisting of a
conductive textile (CT) layer (a fabric woven with polyester and stainless steel) and a polydimethyl-
siloxane (PDMS) layer. The CT friction layer is also used as a conductive electrode and designed
with various surface morphologies, including unpatterned, dots, and lines with 1 and 2 cm spacings.
Experimental results show that the TEG with an unpatterned CT layer produces an output voltage of
54.6 V and an output current of 5.46 pA. The patterned surfaces increase the effective contact area and
friction effect between the CT and PDMS layers and hence enhance the output voltage and current
t0 94.4 V and 9.44 pA. Compared to the unpatterned CT layer, the pattern use of 1 cm spaced lines,
2 cm spaced lines, and dots improves the output voltage and current by 1.73, 1.68, and 1.24 times,
respectively. Moreover, the TEG with 1 cm spaced lines generates a high output power density of
181.9 mW/m?.

Keywords: triboelectric generator; triboelectrification; conductive textile; polydimethylsiloxane
(PDMS); surface morphology; harvesting energy

1. Introduction

Conventional mechanisms for converting electromagnetic induction into electric
power harvest only high-frequency mechanical energy [1,2]. However, many natural
sources of mechanical energy in the environment operate at low frequencies, e.g., wind,
raindrops, ocean waves, and human body motion [3-7]. Consequently, the issues of devel-
oping triboelectric generators (TEGs) or triboelectric nanogenerators (TENGs) to harvest
these low-frequency energies have attracted significant attention in the literature. TEGs
have been developed for many applications, such as self-powered wearable electronics,
Internet of Things (IoT) devices, electronic skins, energy storage devices, potential diag-
nostics, biosensors, and body motion sensors [8-17]. The electric power produced by such
TEG/TENG devices may be generated by many different mechanical energy conversion
mechanisms, including rolling, bending, pressing, rotating, roll-swing, vibration, and
sliding [18-25]. However, irrespective of the mechanism employed, all TEGs/TENGs rely
on a contact electrification and electrostatic induction effect, in which the materials within
the TEGs/TENGs become electrically charged once they are brought into contact with one
another and subsequently separated [26-32]. TEG/TENG devices are made of two different
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materials (mostly polymers) as friction (contact) layers and sliding layers, respectively,
where these materials are deliberately chosen to have different polarities (i.e., positive and
negative charges). However, the performance of TEGs/TENGs is fundamentally depen-
dent not only on the choice of materials, but also on the surface morphologies of the contact
interface between the two layers when they are pressed into contact with one another.

TEGs/TENGs have many advantages as energy-harvesting devices, including a low
production cost, easy moldability, good flexibility, high reliability, high efficiency, and
environmental friendliness. As a result, they represent a promising alternative to traditional
batteries for wearable devices, which need frequent recharging and regular replacement.
The literature contains many proposals for TEGs/TENGs fabricated using various materials
as the friction layer. For example, Chung and Ke [33] utilized a CO, laser to fabricate a
master mold patterned with a microneedle array on a polymethyl methacrylate (PMMA)
substrate. The mold was then used to cast the microneedle array on a polydimethylsiloxane
(PDMS) substrate as the friction layer. The TENG device was completed using PDMS as
the lower friction layer and aluminum (Al) foil as the upper contact layer and the electrode
material. The open-circuit voltage (V) and short-circuit current (Is.) of the proposed TENG
device were shown to be 123 V and 109.7 pA, respectively. Kim and Seo [34] fabricated
a TENG consisting of a galinstan alloy electrode patterned on a PDMS substrate as the
lower layer and a copper electrode as the upper layer. The TENG device showed a V. of
approximately 75 V at a tapping frequency of 4 Hz and an Isc of 1.38 pA. Jeon et al. [35]
patterned a zinc oxide (ZnO) nanostructure on a polyethylene naphthalate (PEN) substrate
coated with indium tin oxide (ITO) as the active layer of a TENG and used a polyimide
(PI) film adhered to an Al electrode surface as the negative friction layer. The experimental
results showed that the V. and I were 22.4 V and 5.43 pA, respectively. Hwang et al. [36]
presented a metal-free TENG incorporating a multi-walled carbon nanotube (MWCNT)
mesh deposited on a PDMS layer. The V. of the TENG increased from 85 to 250 V as the
finger pressure applied to the PDMS layer increased from 230 to 670 Pa. Moreover, the
average power density of the device was 27 W/m? at 10 MQ) matched impedance.

In addition, many TENGs with various conductive textiles as the friction layer had
been reported to investigate their features for wearable devices. For example, Paosangthong
et al. [37] fabricated a textile-based triboelectric nanogenerator with an alternating positive
and negative freestanding grating structure (pnG-TENG). When the designed pnG-TENG
was 10 gratings of nylon fabric and PVC heat transfer vinyl, the measured root mean square
(RMS) Vi, Ise, and power density were 136 V, 2.68 pA, and 38.8 mW/ m?Z, respectively.
Dong et al. [38] developed CT-based TENGs with silver conductive yarns wrapped with
polytetrafluoroethylene and nylon66. A peak power density of 1.48 and 7.531 mW/m?
was achieved during the stretching and compression motions, respectively. The CT-based
TENGs were displayed to be tender and comfortable. Chu et al. [39] exhibited ultrathin
TENGs with <1.5 pm polydimethylsiloxane, < 1 nm graphene, and <0.9 um polyethylene
terephthalate as the triboelectric layer, electrode, and substrate, respectively. The TENGs
with a single-electrode-based structure generated electricity by contact with various clothes
(nylon, silk, cotton, latex) or the human body, and they showed a maximum V, Is;, and
power density of 47.1 V, 7 uA, and 144 mW/ m2, respectively.

Although the TEGs/TENGs with conductive textiles used as the friction layer are
easily realized wearable electronics and self-powered devices, the CT-based TENGs with
nano-scale structures have only generated low power densities at present. We believe
that further improvement in power generation could be achieved via use of appropriate
device geometries and materials. Hence, this study aims to develop a TEG based on a
conductive textile as the active layer and PDMS coated on a thin Al foil as the negative
friction layer to generate a large power density. The conductive textile layer is designed
with various surface morphologies, including unpatterned, dots, and parallel lines, in
order to increase the effective contact area and friction effect between the upper and lower
layers. The performance of the various TEGs is evaluated using a self-built testing platform
consisting of a pneumatic cylinder and a flat plate designed to generate a reciprocating
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compression force on the active layer of the device. As a result, the TEG with 1 cm spaced
lines generates a high output power density of 640 mW /m?.

2. Experimental Procedures
2.1. Selection of Friction Materials

TEGs are based on the principle of contact electrification, in which a reciprocating
vertical contact and separation motion of two materials with different polarities (i.e., posi-
tive and negative) is exploited to produce an electrostatic charge. The TEG developed in
the present study was fabricated using a commercial conductive textile (CT), PDMS, and
Al foil. The CT (AFC® M02, Asiatic Fiber Corporation, Taoyuan City, Taiwan) consists of
woven conductive yarn spun from 20% stainless steel fiber and 80% polyester filament and
has a sheet resistance of approximately 10* )/sq. Under electrostatic induction, the CT
has a tendency to lose electrons and become positively charged, while the PDMS friction
layer acquires electrons and becomes negatively charged. Notably, both materials are
cost-effective, durable, and soft. As a result, they are ideally suited to the fabrication of
flexible generators. Moreover, the CT is breathable and can therefore be worn comfortably
against the human skin. Finally, the CT has high electrical conductivity and retains all of
its favorable characteristics even after washing.

2.2. TEG Fabrication and Working Principles

Figure 1 presents a schematic diagram of the proposed TEG structure, its fabrication
process, and the triboelectric principle upon which it operates. In fabricating the TEG,
a thin Al foil with an average thickness of 15 um and dimensions of 7 x 7 cm was first
glued to a 1-cm-thick polyvinyl chloride (PVC) backplate to serve as the back electrode
(Figure 1a) and a PDMS film was then coated on this foil as a sliding layer (Figure 1b). The
PDMS precursor solution was prepared by mixing silicone elastomer and a cross-linker
(Sylgard 184, Dow Corning) in a mass ratio of 10:1. The mixture was degassed in a vacuum
chamber for approximately 60 min in order to remove any air bubbles trapped within the
mixture and was subsequently poured on the Al foil. The elastomer mixture was then
spin-coated on the Al foil at 1000 rpm for 10 s to create a film. The film was cured on a
hot plate at 85 °C for 45 min and was then allowed to cool naturally to room temperature
to form a PDMS layer with a thickness of about 500 um. The CT was glued to a PVC
backplate with dimensions of 9 x 9 cm to serve as both the upper friction layer and the
top electrode (Figure 1c). To increase the contact area between the CT and PDMS layers,
thereby improving the output voltage, a hand-stitch embroidery technique was used to
create protruding arrays with dot and line patterns on the CT surface. The embroidery
thread was fabricated from the same material as the textile and the protruding patterns had
an average height of approximately 1.4 mm in every case. The TEG device was assembled
by placing four spring spacers and guide rods between the upper CT layer and lower
PDMS layer and connecting copper wires to the two layers to form electrical terminals
(Figure 1d).
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Figure 1. Schematic illustration of proposed triboelectric generator (TEG) structure, fabrication
process, and power generation mechanism.

Figure le-h show the power generation principle during the TEG operation. Initially,
the CT layer and PDMS layer are pushed into contact with one another under the appli-
cation of an external force (Figure 1e). As a result, an electrostatic charge is formed at the
contact interface with a balanced distribution of positive and negative charges on the CT
and PDMS surfaces, respectively. Since the interface is in a condition of electrostatic equi-
librium, no electron flow is created in the external circuit. However, when the CT layer is
released, the positive and negative charges are separated. The resulting triboelectric charges
are no longer compensated, and hence dipoles are formed at the interface between the
PDMS film and Al foil. As a result, the foil and CT layer accumulate negative and positive
charges, respectively. The resulting difference in the electric potential between them drives
a flow of electrons through the external load, as shown in Figure 1f. In the fully released
condition, the electrostatic charges are once again balanced between the CT and PDMS
electrodes. Consequently, the electric potential within the system is in equilibrium, and no
external electric current is produced (Figure 1g). When the external force is re-applied to
the upper CF layer, the gap between the CT and PDMS electrodes reduces. As a result, the
triboelectric charges cannot be compensated, and hence an electric potential difference is
produced between the two layers, which drives an electron flow through the external load
in a direction opposite to that when the CF layer is released (Figure 1h). Finally, when the
CT layer and Al foil are in full contact once again, an electrostatic equilibrium condition is
re-established, and hence no external electric current is produced (Figure le). By applying a
reciprocating force to the upper CF layer, an alternating flow of electrons is driven through
the external load (Figure le-h), resulting in the production of a continuous electric signal
with a form similar to that of a sinusoidal wave.
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2.3. TEG Performance Measurement

The performance of the TEGs with different CT surface patterns was evaluated using
a self-built testing platform consisting of a pneumatic cylinder and a flat contact plate with
a reciprocating linear motion, as displayed in Figure 2. Compressed air from a pressure
regulator and a flow control valve were used to control the force and frequency of the
punch at the end of the pneumatic cylinder. Moreover, a limit switch connected with a five-
or two-way pneumatic valve could be used to control the reciprocating linear motion of the
pneumatic cylinder. The tests were performed using a reciprocating compression action
with a frequency in the range of 1-5 Hz. The applied frequency of the punch was measured
using a spectrum analyzer combined with an accelerometer and amplifier. The values of
the output V and the output current I for each TEG were measured using a GDM-8245
digital multimeter and a GDS-1072B digital oscilloscope (Good Will Instrument Co., Ltd.,
Taipei, Taiwan). In addition, the fiber weave of the CT was observed using a field-emission
scanning electron microscope (FE-SEM) (54800, Hitachi, Japan). Finally, the sheet resistance
and electrical conductivity of the CT were measured using a four-point probe resistance
meter (5601Y, Chitai Electronic, Taiwan).

Hydraulic cylinder

T Limit

_[[]]_ switch
Amplifier
Spectrum /|
analyzer ~ 8 Flow control
__— valve
Oscilloscope Pi e
Computer coo —
S5 |
4R |
5/2 valve
-
. . Pressure
Reciprocating regulator
: 1 Linear motion &
A \
- Al _ Punch
Digital " Accelerometer
multimeter | --<-- CT-based Air
[H . = . TEGs compressor

Figure 2. Schematic diagram of a reciprocating linear motion platform with a pneumatic cylinder for
testing conductive textile (CT)-based TEG performance.

3. Results and Discussion

Figure 3 presents (a) top-view and (b) side-view photographs of the assembled CT-
based TEG device, and SEM images of (c) the woven stainless steel/polyester fiber in the
conductive textile and (d) the close-up view of the fiber. As shown in Figure 3a, the CT
consists of a uniform weave of stainless steel (20%) and polyester (80%) fibers with an
average diameter of around 12 um. Its surface resistivity was found to be approximately
10* 3/sq. As described in Section 2.2, the CT served as both a friction layer and an electrode.
Moreover, the protruding patterns embroidered on the textile surface served to enhance the
triboelectrification effect by increasing the effective contact area and friction effect between
the CT active layer and the PDMS sliding layer. As shown in Figure 3b, the CT layer and
PDMS layer were separated by four springs and associated guide rods to return the CT
layer to its initial position after the applied force was removed.
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PDMS film

Figure 3. Photographs of (a) top view and (b) side view of assembled TEG device and SEM images
of (c) woven stainless steel/polyester fiber in conductive textile and (d) close-up view of fiber.

Figure 4 shows the variation in the output voltage and output current of the TEG
device with an unpatterned CT layer as a function of the spacer height. Note that the
pneumatic cylinder was operated with a frequency of 5 Hz, a stroke length of 8.5 cm, and
a gas pressure of 3.5 bar for 100 s. Note also that the data presented in Figure 4 were
collected using the same TEG device with the springs and guide rods simply replaced
between each test. The results show that the output voltage and current both increase as
the spacer height increases from 5 to 10 mm but then decrease rapidly as the spacer height
is further increased to 20 mm. The spacer height indicates the height of the spring spacer,
as shown in Figure 3b. For a spacer height of 10 mm, the output voltage and output current
are equal to 73.8 V and 36.9 uA, respectively. According to previous studies [40-42], the
output voltage, V, of a TEG can be approximated as

_od
=

14 @
where ¢ is the triboelectric charge density on the contact surface, d is the gap between
the two contact materials (equal to the spacer height), and ¢ is the vacuum permittiv-
ity. According to Equation (1), the output voltage should increase continuously with an
increasing gap between the two contact materials. However, for the present TEG, the
output voltage reduces significantly as the gap between the CT and PDMS layers increases
beyond 10 mm. This apparent anomaly can be attributed to two main reasons: (1) for larger
spacer heights (i.e., more than 10 mm), full contact between the CT and the PDMS layer
is not achieved under the maximum displacement of the pneumatic cylinder; and (2) the
response time of the springs reduces (i.e., becomes faster) as the spacer height increases,
and hence the amount of electron transfer also reduces. Thus, the 10-mm-thick spring was
used throughout this experiment.
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Figure 4. Output voltage and current of TEGs with unpatterned CT layer for various spacer heights.
The TEGs connected to an external load with a resistor of 10 MQ).

Figure 5a,b show the output signals (voltage and current) obtained from TEG devices
with loose and tight CT layers, respectively. Note that the CT layer is unpatterned in both
cases and the TEGs are connected to an external load with a resistor of 10 MQ). According
Ohm'’s law, the voltage and current are directly proportional when the resistance is fixed
in this study. The average V and I of the TEG device with a loose CT layer are 56.2 V and
5.62 pA, respectively. By contrast, the average V and I of the device with a tight CT layer
are 66.4 V and 6.64 uA, respectively. The taut CT layer results in a higher output efficiency
since it leads to a more complete contact with the PDMS layer and therefore allows the
electrons to move more freely through the external load.

As described in Section 1, the CT layer was patterned with three different surface
morphologies, namely, dots (circles) with diameters of approximately 5 mm, parallel
lines with a 2 cm spacing, and parallel lines with a 1 cm spacing. The protruding height
was approximately 1.4 mm in every case and the patterns were embroidered using the
same thread as that used to produce the CT (namely, stainless steel fibers and polyester
filaments).

Figure 6 shows the output voltages and currents of the TEG devices with the unpat-
terned, dot-patterned, 2 cm spaced line-patterned, and 1 cm spaced line-patterned CT
layers. Note that the CT layer was pulled tight in every case, and the operating pressure
and external load resistance were equal to 3.5 bar and 10 M(), respectively. The results
show that the output voltage and current increase approximately linearly as the CT surface
morphology changes from unpatterned (54.6 V, 5.46 nA) to dot-patterned (68.0 V, 6.80 nA)
to line-patterned (91.7 V, 9.17 pA for a 2 cm line spacing and 94.4 V, 9.44 pA fora 1 cm
line spacing). The 1 cm spaced line pattern increases the output voltage and current by
around 1.73 times compared to the unpatterned CT, 1.24 times compared to the dot pattern,
and 1.68 times compared to the 2 cm spaced line pattern. A more compact line pattern
increases the material deformation and friction effect at the contact interface between the
CT layer and the PDMS layer and hence results in a greater electron exchange between
them. Notably, even though the flat (unpatterned) CT surface has a greater contact area
with the PDMS layer, the friction effect between them is reduced, and hence the electron
flow through the external load is also reduced.



Energies 2021, 14, 1391 8 of 15

(2)

60

L

-20
-40 4

6

T

Voltage (V)

- 3
Aad ol ol ol

-2
A

Current (LA)

(b)

T

20:
0..
20 H
-40

1

i

Voltage (V)

Ul

20 ' 4l0
Time (s)

Current (LA)

> -

80 100

Figure 5. Output performance of TEGs assembled with: (a) loose and (b) tight unpatterned CT layers.
The TEGs connected to an external load with a resistor of 10 MQ).

140

4 - Voltage
1201

1001

Voltage (V)
Current (LA)

40 -

Without Circular 2 cm spaced 1 cm spaced
pattern pattern line pattern  line pattern
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Figure 7 shows the output voltage and current of the best textile/PDMS assembled
TEG with a 1 cm spaced line pattern for impact frequencies ranging from 1 to 5 Hz.
Note that the impact stroke length and gas pressure of the pneumatic cylinder are 8.5 cm
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and 4 bar in every case. It is seen that the output voltage and current increase from 54.6
t0 95.6 V and 5.46 to 9.56 pA, respectively, as the impact frequency is increased from 1 to
5 Hz. This finding is reasonable because as the impact frequency increases, the electric
charge produced by the TEG system accumulates more rapidly, and hence a larger electrical
output is produced.

120
100 (a) S Hz
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<

Time (s)

(

|
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4 Hz I

I

i
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———t
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Figure 7. Output performance of TEG connected to an external load of 10 MQ) with 1 cm line pattern
for impact frequencies ranging from 1 to 5 Hz: (a) output voltage and (b) current.

For wearable electronics, washability and durability are a critical concern for improv-
ing the practicality of the device. Accordingly, the present study evaluated the performance
of the TEG device with an unpatterned CT layer following repeated washing (up to nine
times) in a commercial neutral detergent. The tests were performed using an impact fre-
quency, impact stroke length, gas pressure, and testing time of 5 Hz, 8.5 cm, 3.5 bar, and
100 s, respectively. The corresponding results are presented in Figure 8a. It is seen that the
output voltage and current remain stable at approximately 66.4 V and 6.64 nA, respectively,
for the first seven washing cycles. The voltage and current reduce slightly to 64.8 V and
6.48 nA, respectively, after the eighth washing cycle and then reduce significantly to 63.2 V
and 6.32 pA, respectively, after the ninth cycle. The capacity of contact electrification and
electrostatic induction became weakened after washing seven times because the softened
textile causes the friction strength to start diminishing. Meanwhile, the drop in the output
signals was attributed to the slight increase in resistance of the textile after many washing
cycles with detergent.
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Figure 8. Washability and durability test results for TEG device: (a) output voltage and current
following repeated wash cycles, and (b) output voltage and current in daily tests performed over
12-week period. The TEGs connected to an external load with a resistor of 10 MQ).

The durability of the TEG device was evaluated over a period of 3 months, as shown
in Figure 8b. On each day of the three-month period, the output voltage and current were
measured using an impact frequency, impact stroke length, gas pressure, and testing time
of 5Hz, 8.5 cm, 3.5 bar, and 100 s, respectively. As shown in Figure 8b, the output voltage
and current remained approximately stable over the first two months, with values of 66.4 V
and 6.64 pA, respectively, after four weeks and 66.1 V and 6.61 uA, respectively, after
eight weeks. However, after ten weeks, the output voltage and current reduced slightly
to 63.1 V and 6.31 pA, respectively, while after 12 weeks, the voltage and current reduced
significantly to 54.5 V and 5.45 pA. The reduction in the output performance of the TEG
device suggests that following prolonged usage, the textile fibers tend to adhere to the
PDMS film, or the PDMS film starts to stick to the CT layer, thereby reducing the electron
transfer between the two layers.

The charging effect of TEG devices depends on the resistivity of the external load.
Accordingly, the output voltage and current of the TEG device with the 1 cm line spacing
were measured for external resistance loads in the range of 1-30 MQ). Figure 9a shows the
change in the output voltage and current for the TEG as a function of the external load.
As expected, the output voltage increases, while the current reduces, as the load resistance
increases. In particular, the output voltage increases from 56 to 98 V as the load resistance
is increased from 1 to 30 M(), while the output current reduces from 56 to approximately
3.27 uA. Figure 9b shows the corresponding variation in the output power of the TEG (as
evaluated simply by P =IV). It is seen that the output power reduces from around 3.14 mW
for an external resistance of 1 M(Q2 to approximately 0.32 mW for a resistance of 30 MQ.
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Figure 9. Effect of external load resistance on (a) output voltage and current and (b) output power as
the load resistance is increased from 1 to 30 MQ).

The power density of the TEG can be determined as W = P/A, where W is the power
density, P is the output power, and A is the surface area of the contact interface. The TEG
developed in the present study has a power density of up to 181.9 mW/m? when the
generated power and surface area of the contact interface were 3.14 mW and 49 cm?, respec-
tively. Patterning the CT surface with an appropriate raised morphology (i.e., a parallel
line array with a spacing distance of 1 cm, in the present case) provides an effective means
of improving the power density of the TEG device.

To demonstrate the practical applicability of the TEG device, sixty commercial light-
emitting diode (LED) bulbs were attached to the TEG as an external load. The specification
of these LED bulbs is a wavelength of 520-530 nm, a typical operation voltage of 3.0 V
under a 20 mA driving current, and luminance of 400-800 mcd for a rated current of
20 mA. As discussed in Section 2.2, the application of an alternating pressure to the upper
layer of the TEG device results in the production of a continuous electric signal with a
sinusoidal-type waveform. The direction of the electrons flowing through the external load
alternates between the forward and reverse directions as the upper CT layer is actuated
(see Figure 4e-h). Consequently, the alternating current (AC) produced by the TEG device
was converted into a direct current (DC) using a full-wave bridge rectifier circuit in order
to improve the charging effect (Figure 10a). The AC current was then passed through a
capacitor to light the LEDs (Figure 10b). The TEG was found to be capable of producing
an output voltage of 8 V after 45 s when using a 47 uF capacitor. The resulting power was
sufficient to light all 60 LED bulbs, as shown in Figure 10c. A further feasibility test was
performed, in which two rechargeable batteries were charged from 1 to 2.2 V in about
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1 h. The feasibility of the proposed device for either direct power purposes or charging
purposes is confirmed.

(2)

‘o '.Ooo.'-o.‘...-

L -
SN e S T S

Figure 10. (a) Full-wave bridge rectifier circuit used to charge capacitor and power 60 LED bulbs.
(b) Series arrangement of LED bulbs plugged into breadboard. (c) [llumination of LED bulbs by
TEG device.

Table 1 shows comparative research of critical conditions such as material combi-
nations, the contact area of the frictional surface, and the power density or charge den-
sity for the outstanding research works conducted on textile-based triboelectric genera-
tors. Most TEGs reported in the literature have low power densities of approximately
3.3-177.8 mW /m? [37-40,43-47]. Compared with this previous research, we developed tri-
boelectric generators consisting of a woven stainless steel / polyester fiber in the conductive
textile and PDMS layers through the structural modulation of the patterned conductive
textile, and the frictional effects between the two materials could be improved substantially.
In this study, the triboelectric generator had a high power density of 181.9 mW /m?. More-
over, the high-performance and flexible triboelectric generator can be widely applied to
self-powered wearable, sporting, and energy storage devices in the future.

Table 1. Summary of textile-based triboelectric generator performances at different material combinations, contact areas of
the frictional surface, and power densities or charge densities.

References  Frictional Material and Electrode Combination  Frictional Area = Maximum V and I Power Density
PVC HTV * fabric/ Ag electrode, 5 136 V 5
371 nylon fabric/Ag electrode 46X 7em 2.68 pA 113.2 mW/m
[38] PA66-Ag yarn and PTEE—Ag yarn knitted 8 x 8 cm?2 32V 9.5 mW /m?
as textile 1.9 uA
Clothes (nylon, silk, cotton, latex), 5 309V 5
[39] PDMS/graphene/PET /skin 3 x3cm 3.9 uA 133.9 mW/m
Nylon textile/Ga-In plastic metal, > 3096 V >
[401 polyester textile/Ga-In plastic metal 6> 6 cm 3.07 pA 264 mW/m
Woven Ni/PET textile, 2 234V 2
[43] PDMS/woven Ni/PET textile 6> 2.5 cm 0.977 pA 15.2 mW/m
Knitted PTFE and Ag fabric, 2 235V 5
[44] knitted Ag fabric 10> 10 em 1.05 pA 25 mW/m
Polyester / Ag-plated nylon-fabric, > 200V 5
431 PTFE/ polyester-fabric 9x5em 4 pA 177.8 mW/m
Polyamide/Ag/silicone yarn, 2 51V 2
[46] cotton yarn knitted as 3D fabric 5x5em 160 nA 33 mW/m
Polyester/Ni-cloth, 5 50 vV 2
471 polyester /Ni/parylene-cloth 5 5cm 4 uA 80 mW/m
This work Polyester/stainless steel-fabric, PDMS/ Al foil 7 x 7 cm? 9924'14& 181.9 mW/m?

* PVC HTV: polyvinyl chloride heat transfer vinyl.
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4. Conclusions

This study fabricated triboelectric generators (TEGs) consisting of a conductive textile
(CT) as the upper friction layer and PDMS as the lower friction layer. The TEGs were
designed with four different morphologies of the CT surface, namely, unpatterned, dot-
patterned, line-patterned with a spacing of 1 cm, and line-patterned with a spacing of
2 cm. It has been shown that the TEG with an unpatterned CT surface generates an output
voltage of 66.4 V and a current of 6.64 pA. The output voltage and current both increase
when the CT surface is patterned with protruding features (e.g., dots or parallel lines) as a
result of the increased effective contact area and friction force between the CT and PDMS
layers. Compared to the unpatterned CT surface, the output voltage and current increase
by 1.73, 1.68, and 1.24 times when the surface is patterned with 1 cm spacing parallel
lines, 2 cm spacing parallel lines, and dots, respectively. It has been shown that the TEG
incorporating a CT layer with 1 cm spacing parallel lines is capable of illuminating 60 LED
light bulbs within 45 s and charging a battery within 1 h. Moreover, the device has good
washability (up to seven times) and good durability (up to 8 weeks). Overall, the results
show that the TEG has good potential for the realization of lightweight, facile-processed,
cost-effective, and scalable self-powered devices.
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