RESEARCH ARTICLE

'-) Check for updates

ADVANCED
ENERGY
MATERIALS

www.advenergymat.de

Boosting the Performance on Scale-Level of Triboelectric
Nanogenerators by Controllable Self-Triggering

Qianwang Wang, Xin Yu, Jianlong Wang, Yang Yu, Zhenjie Wang, Zhong Lin Wang,*

and Tinghai Cheng*

The characteristics of low current and high output impedance of triboelec-
tric nanogenerators (TENGs) constrain their development and application.
Recently, corresponding energy management methods have been proposed
to solve the problems. Among them, the switch plays an important role in
energy management to improve output performance and reduce output
impedance. Therefore, a self-triggering switch controlled by TENGs is
proposed for power management to achieve high-performance output. It is
comprised of an electronic logic switch and the triggering TENG to release
the energy stored by the energy-TENG. The experimental results demonstrate
that the self-triggering switch can adjust the duty cycle with the assistance

of the inherent load characteristics of the TENG. In addition, the coupling
output of the two TENGs increases the single-cycle peak current by 137 times

Research on power management is
ongoing and plays an important role in
the applications of TENGs. In particular,
the switch is applied for the instantaneous
release of accumulated energy to increase
the output performance. With this solu-
tion, the output impedance of the TENG
could also be reduced. The TENG with the
mechanical switch can achieve an instan-
taneous release of continuous energy.®!
However, metal contacts are not condu-
cive to integration with the circuit which
increases the complexity of the struc-
ture.’l For electronic switches,!” actuation
control is generally achieved by external

(from 32 pA to 4.32 mA) in the vertical contact-separation mode and 5284
times (from 1.3 pA to 6.87 mA) in the horizontal contact mode. In applica-
tion, the commercial sensor can be powered, and six 100 W lamps in parallel
can be lit. The coupling output method of switch-TENGs and energy-TENGs
provides important guidance for the development of power management and

a new approach toward practical applications.

1. Introduction

As a highly efficient low-frequency energy-harvesting tech-
nology,l!! triboelectric nanogenerators (TENGs) have the
potential for applications in the energy harvesting of wind,?
ocean,B! vibration, human movement,P! etc.l’l Due to the
unique nonlinear resistive and capacitive characteristic,
TENGs have the characteristics of low current, and high
output impedance.]
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chemical battery power, which is contrary
to the original intention of high-entropy
energy harvesting with TENGs. In addi-
tion, spark switches have the advantages
of a high switching speed and high charge
transfer efficiency, however, the impact of
the breakdown medium, unstable output
performance, and low controllability also
limit their application.! Therefore, there
is an urgent need for a general switch
with autonomous controllability, no external chemical power
required, high switching speed, and reliability in the TENG
field.

In this work, we propose an energy-TENG and switch-TENG
coupling strategy for boosting the power output of TENGs. A
self-triggering switch controlled by TENG is proposed, which
is achieved by the resistive load dividing characteristics of the
inherent TENG load characteristics. The experimental results
show that the coupling mode single cycle current of the vertical
contact separation mode TENG is increased by 137 times (from
32 YA to 4.32 mA). The current of the energy TENG (Ey-TENG)
and switch TENG (Sy-TENG) coupled outputs for a single
cycle is increased by 5284 times (from 1.3 pHA to 6.87 mA). In
the application, 120 LEDs in parallel and six 100 W commer-
cial lamps in parallel can be lit. Therefore, the self-triggering
switch solved the problem of the adjustability, controllability,
and requirement of the external chemical power supply of the
TENG. The multiple TENG coupling output method widens
the path for the mechanical design of TENGs, and it is easily
applied to various energy harvesting design ideas. In addition,
it greatly optimizes the development of power management
and provides important guidance for the energy management
of TENGs.

© 2022 Wiley-VCH GmbH
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Figure 1. The working mechanism of the self-triggering switch. a) The operating mechanism of conventional switches and the self-triggering switch;
i) spark switch, ii) switch with a chemical battery, iii) mechanical contact switch, and iv) the self-triggering switch. b) i) Relationship model and
i) collocation table of the coupled output of the energy-TENG and switch-TENG. c) i) Working principle and process stages of the coupling output
circuit. d) i) Output short circuit current of the Ey-Sy mode. ii) Output short circuit current of the E-Sy mode. iii) Coupling output current of the

E4-TENG at different frequencies and the Sy-TENG at T Hz.

2. Results and Discussion
2.1. Working Mechanism of the Self-Triggering Switch

For a better understanding of the self-triggering switch con-
trolled by TENGs, a comparison of working principles between
conventional switches and a self-triggering switch is given.
Figure 1a shows the spark switch, switch with chemical power
source supply, and mechanical contact switch. The working
principle of the spark switch is the dielectric breakdown by
charge accumulation, and the whole working process is to
complete the circuit connection with charge release after the
accumulation reaches the dielectric breakdown condition. The
switch with an external chemical power supply usually requires
a separate chemical battery to control the switch turn-on and
turn-off. The principle of the mechanical contact switch is
to turn-on and turn-off the circuit in the form of mechanical
contact. Figure 1a (iv) shows the theoretical model of the self-
triggering switch, which consists of TENG and passive devices.
With the electrical signal generated by the TENG model passing
through the load resistance, an electrical signal corresponding
to the load resistance is generated, which controls the turn-on
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and turn-off of the logic components. Compared with con-
ventional switches, the self-triggering switch is triggered by a
TENG, which has the advantages of high controllability, simple
fabrication, high applicability, and no external chemical battery
power supply. With the self-triggering switch, a multiple TENG
coupling output method is proposed in this paper. In the sche-
matic diagram of Figure 1b (i,ii), the relationship model consists
of four basic TENG models: the horizontal direction mode of
switch-TENG (Sy-TENG), horizontal direction mode of energy-
TENG (Ey-TENG), vertical direction mode of energy-TENG
(Ev'TENG) and vertical direction mode of switch-TENG (Sy-TENG).

In Figure 1a (i), the TENG coupling output circuit consists
of a harvest unit and a release unit. The connection circuit of
the harvest unit is the storage capacitor Cs connected in series
at both ends of the rectification bridge. The load resistor, tran-
sistor, and diode Dj; are connected in series and connected in
parallel at both ends of the storage capacitor Cs, in which the
role of diode Dj is to prevent backflow. The connection circuit
of the release unit is an S-TENG, diode D, diode D;, resistor
Ry, and resistor R, connected in series, in which both ends
of the resistor R; are connected to the gate and source of the
transistor. The role of resistor R, could be a current limiting

© 2022 Wiley-VCH GmbH
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resistor or voltage divider resistor, which can be used to limit
the current when the S-TENG is overcurrent or to share the
voltage when the TENG original voltage is too high, and a
sliding rheostat can also be used to adjust the signal of resistor
R; if necessary. Figure 1c (ii) illustrates the working process of
the energy release stage. The energy generated by the E-TENG
is rectified and stored in the storage capacitor Cs. At the same
time, the electrical signal generated by the S-TENG is unidirec-
tionally rectified by diodes D; and D, to generate a unidirec-
tional electrical signal and then processed by resistor R; to gen-
erate a unidirectional pulse signal, which can be used to control
the turn-on and turn-off of the logic component. According
to Kirchhoff's law, the current I; and the current I, under the
electromotive force of the voltage source on the capacitor Cg
and original TENG voltage pass through D; and the logic tran-
sistor which can be regarded as a wire with no resistance as it is
turned on, and combined flow through the load resistor R;. The
charge density increased with the two processes of continuous
energy storage and instantaneous release working together.
Figure 1c (iii) illustrates the working process of the energy accu-
mulation stage, in which the electrical energy generated by the
E-TENG is stored on the storage capacitor Cs after being recti-
fied by bridge rectification and the energy cannot be released
with the unopened switch.

Figure S2a,b, Supporting Information displays the physical
prototypes of the Ey-TENG, Sy-TENG, Ey-TENG, and Sy-
TENG. Figure 1d (i) shows that the increased short circuit cur-
rent of one cycle of the Ey-Sy mode is 4.32 mA, however, the
output current of Ey mode is 32 HA. The short circuit current
of four cycles of the Ey-Sy mode is increased to 12 mA, how-
ever, the output current of Ejy mode is 1.3 pA. In Figure 1d (iii),
with the working frequency of Sy-TENG in 1 Hz, the trend of
linear increase in short circuit current for E;-TENG of 1, 2, 3, 4,
and 9 Hz, verified that the proposed self-triggering switch has
adjustable and controllable characteristics.

2.2. Principle of Self-Triggering Switch Circuit

To verify the characteristics of the self-triggering switch circuit,
a metal-oxide-semiconductor field-effect transistor (MOSFET)
is selected for the experiment, which threshold voltage is 2 V
and the turn-on voltage ranges from 2 to 30 V. In this paper, the
full mode, contact area, load characteristic and duty cycle of the
switch-TENG are investigated comprehensively.

In Figure 2a, first, the AC signal generated by the TENG is
filtered out the negative half-wave by rectification, leaving only
the positive half-wave theoretically. Second, the positive half-
wave electrical signal transforms into a pulse signal by flowing
through the resistor which depends on the inherent load char-
acteristics of the TENG. In Figure 2b (i) and Figure S2c, Sup-
porting Information, the generated open circuit voltage signals
of different areas are verified for the vertical direction mode
TENG, in which the areas are 10 x 10, 15 x 15, 20 x 20, 25 x 25,
and 30 X 30 mm?. An area of 20 x 20 mm? TENG is selected for
testing with load characteristics and duty cycle (Figure 2c (i,ii)).
The waveform of the load voltage signal from 3 MQ to 1000 MQ
verifies that as the load resistance becomes larger, the longer
the duration of the electrical signal above 2 V, which makes
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the duty cycle from 0% to 30%. In Figure 2b (ii) and Figure
S2d, Supporting Information, different areas of open-circuit
voltage are verified for the TENG in horizontal direction mode,
in which the areas are 10 x 10, 10 x 15, 10 x 20, 10 x 25, and
10 x 30 mm?. In Figure 2d (i,ii), an area of 10 x 30 mm? TENG is
selected for testing with load characteristics and duty cycle. The
waveform of the load voltage signal from 50 MQ to 10 000 MQ
verifies that as the load resistance becomes larger, the longer
the duration of the electrical signal above 2 V, which makes the
duty cycle from 0% to 45%. In addition, the verification of the
S-TENG is shown in Figure S12 and Video S3, Supporting Infor-
mation. The characteristics of the switch-TENG are verified by
DC power replacing the E-TENG. Figure S12a (i), Supporting
Information shows that the LED without a switch could be lit,
Figure S13a (ii), Supporting Information shows that the LED
could be lit when the transistor has a signal, and Figure S13D (iii),
Supporting Information shows that the LED could not be lit
when the transistor has no signal.

2.3. Coupling Output Characteristics of Ey-Sy and Ey-Sy Modes

To verify the coupling output method, Figure S2a, Supporting
Information displays the prototype set up on one acrylic board
to perform the experiments. The voltage signal of the S-TENG
with R; = 600 KQ and R, = 10 Q is shown in Figure S3e, Sup-
porting Information. In Figure Sla,b, Supporting Information,
the short circuit current of the original signal of the E-TENG
has a peak value of 32 pA and the open-circuit voltage has a
peak value of 300 V.

Figure 3a is a schematic diagram of the coupling of the Ey~
TENG and Sy-TENG. Figure 3b shows the output short circuit
current of the E-TENG and Sy-TENG at different frequencies,
which are 0.75, 1.00, 1.25, and 1.50 Hz. The short circuit cur-
rent increased with increasing frequency, which is related to
the increase in the mechanical energy conversion amount by
the change in velocity. When the S-TENG switch works, the
switch is instantly on with a 0.74 uC charge abruptly passing
through it (Figure S4a, Supporting Information). Different
from other reported switches, this switch can be controlled
to turn on at any time and condition by a TENG. In addition,
the output short circuit current under different energy storage
capacitors Cs is investigated in Figure 3d, and the results show
that the maximum output short circuit current is 4.32 mA at
560 nF. The result can be interpreted as follows: when the
capacitance is less than 560 nF, the energy storage effect of the
capacitor exceeds the filtering effect, when the capacitance is
greater than 560 nF, and the filtering effect of the capacitor is
greater than the energy storage effect, the filtering and energy
storage effects reach an optimal matching value at 560 nF. In
Figure S4b, Supporting Information, the short circuit current
at 1 Hz shows that the current is very stable, and the switching
characteristic is fast and effective. To investigate the current
details and charge more clearly, there is a magnified view of 5-6 s
in Figure 3¢, in which the switch on time is 550 ps and the
transferred charge of 0.74 uC matches the V-Q plot, which fur-
ther validates the accuracy of the experiments.

To better validate the self-triggering switch, the output char-
acteristics with or without switches are tested under the same

© 2022 Wiley-VCH GmbH
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Figure 2. Principle of the self-triggering switch circuit. a) Analysis of the working process. b) i) Output open-circuit voltage of the Sy-TENG at dif-
ferent areas. ii) Open-circuit voltage of the Sy-TENG at different areas. c) i) Output voltage and ii) duty cycle of the Sy-TENG at different resistances.
d) i) Output voltage and ii) duty cycle of the S-TENG at different resistances.

parameters. In Figures S4c and S6c, Supporting Information,
taking 10, 47, and 100 nF capacitors of Cs to do experiments
and found that the output voltage performance, when powered
by E\~TENG alone below 100 K<, is almost zero and hardly any
change, however, the coupled E\-TENG and Sy-TENG changed
greatly at the same condition, which was up to 45 V below
100 KQ. In Figure 3d and Figure S6d, Supporting Information,
at the same load resistance, compared with E~-TENG working
alone, the output current has a large improvement with the
coupling E-TENG and Sy-TENG. The current reaches milliamp
levels at low impedance, however, without energy management,
the current is only 32 A maximum. With the 10 nF storage
capacitor, the coupling of the TENG charge transfer character-
istics varies with the load as shown in Figure S4d, Supporting
Information and Figure 3f. The output short circuit charge dia-
gram of different capacitors is demonstrated in Figure S4e, Sup-
porting Information. The variation curves of the voltage current
and peak power with load under different storage capacitors are
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shown in Figure S7b-d, Supporting Information. The above
experimentally measured data verify the feasibility of the switch
and the output performance is greatly improved.

Figure 4a shows the schematic diagram of the coupling of
Ey-TENG and Sy-TENG. The original output parameters of
Ey-TENG is a continuous electrical signal with a peak current
value of 1.3 pA and a charge value of 60 nC in Figure Sle-h,
Supporting Information.

Figure 4D tests the short circuit current output of S-TENG at
1 Hz and E-TENG at 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 Hz, respec-
tively. The verification at different frequencies of Ey-TENG
and Sy-TENG is shown in Figure S13, Supporting Informa-
tion. The output short circuit current increases, as the oper-
ating frequency of Ey-TENG increases. In Figure S5a, Sup-
porting Information, when the switch-TENG works, the switch
is turned on instantaneously, and the charge 1 uC suddenly
passes through. In Figure 4d, different capacitors are tested,
and it is found that the short circuit current at 580 nF at 1 Hz

© 2022 Wiley-VCH GmbH
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Figure 3. Coupling output characteristics of the E,-TENG and S,-TENG. a) Schematic diagram of the Ey-Sy mode. b) Output current at different
frequencies. ) Enlarged plot of output current with a 560 nF capacitor at 1 Hz. d) Short circuit current at different capacitances. e) Output current at
different capacitances and resistances. f) Transferred charge with a 10 nF capacitor at different resistances.

is 6.8 mA. Figure 4c exhibits the enlarged view of Figure S5b,  switch, the output characteristics are tested under the same
Supporting Information, it can be seen that the current pulse  parameters in Figures S9c and S4c, Supporting Information.
time is 660 us, and the charge is 4 uC. To verify the function In Figure S9d, Supporting Information, the output current is
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Figure 4. Coupling output characteristics of the E-TENG and S\-TENG. a) Schematic diagram of the Ei;-Sy mode. b) Output current of the E4-TENG
at different frequencies and Sy-TENG at 1 Hz. c) Enlarged plot of output current at 4.0 Hz. d) Output current at different capacitances. e) Output cur-
rent at different capacitances and resistances. f) Transferred charge with a 10 nF capacitor at different resistances.
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Figure 5. Analysis of performance improvement. a,b) Sequence diagram and its enlarged plot of E\-Sy mode output (Cs = 10 nF, R = 10 KQ).
c) i) Peak power and ii) peak power ratio with different capacitances of Ey-Sy mode. d) i) Peak power and ii) peak power ratio with different capacitances

of Ey-Sy mode.

1.6 UA without switching at 1 Hz, and the current decreases
with the increasing load resistance. In Figure 4e, the peak cur-
rent after switching S\-TENG can reach the milliamp level.
Figure 4f and Figure S5d, Supporting Information show the
change of the charge transfer characteristics with the load with
the storage capacitor is 10 nF. Figure S10, Supporting Informa-
tion shows the coupling output performance of E-TENG and
Syv-TENG at 1 Hz. Figure S8, Supporting Information shows
the coupling output performance of E-TENG and Sy-TENG
at 1 Hz. Figure S8a, Supporting Information is the schematic
diagram. Figure S8b-d, Supporting Information shows the
output characteristic curves of peak voltage and peak current at
different capacitances and resistances. Figure S8d, Supporting
Information shows the peak power curves at different storage
capacitances and resistances, which is greatly improved com-
pared to the maximum output power in Figure S6e, Supporting
Information. Figure S11, Supporting Information shows the
coupling output performance of Ey-TENG and Sy-TENG at
1 Hz. Figure S11b,c,f, Supporting Information shows the output
characteristic curves of peak voltage, peak current, and peak
power at different capacitances and resistances. Figure S11d,
Supporting Information shows the charge transfer charac-
teristics at different resistances of 10 nF. Figure Slle, Sup-
porting Information shows the short circuit transferred charge
at different capacitances. Figure S8, Supporting Information
shows the coupling output performance test of Ey~TENG and
Sy-TENG. Figure S8b—d, Supporting Information shows the
output characteristic curves of peak voltage, peak current, and
peak power at different capacitances and resistances.

2.4. Analysis of Performance Improvement
To better explain and illustrate how to achieve the coupling

output performance improvement, the following is the
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sequence diagram of the E,-Sy mode output with a resistance
parameter of 10 KQ and a capacitance parameter Cg of 10 nF.
Figure 5a is the sequence diagram. Figure 5b is the enlarged
image of the 2-3 s time period in Figure 5a. Vi is the original
open-circuit voltage of the E-TENG with 300 V, and Is¢ is the
short-circuit current of the Ey-TENG with 32 pA. Vg and Igg
are the electrical signals after circuit processing to trigger the
transistor. Vg, and Ig, are the output electrical signals of the
Ey-TENG after bridge rectification and directly with a resistive
load 10 KQ voltage and current signals, in which the voltage is
0.4 V and the current is 32 UA. Vpy.gy and Igy.gy are the output
voltage and current signals of the coupled E\-TENG and S
TENG, in which the voltage is 13 V, and the current is 1 mA.
Compared with the signal without processing, the voltage and
current greatly improved. Figure 5 shows a comparison of the
peak output power with and without energy management. It
can be seen that the output peak power after energy manage-
ment is 22 mW and the equivalent resistance is 100 KQ, how-
ever, the output power without energy management is 2.2 mW
and the equivalent resistance is 10 MQ, which indicates that the
coupling output performance is improved. Figure 5c (ii) dem-
onstrates the peak power ratio (R,,), the ratio of the peak power
of Ey-TENG and Sy-TENG coupling outputs to the direct output
power of E\~TENG, which can be explained as:
PEM

Rip = (1)

The peak power ratio under different capacitances is tested.
In Figure 5c (ii), the peak power of the coupling output has a
maximum increase of tens of thousands of times at low imped-
ance loads. As the impedance transfer capability of different
matched energy storage capacitors is different, a non-linear
curve will appear. The comparison with and without energy
management is shown in Figure 5. The output peak power with
energy management is 62 mW and the equivalent resistance is
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12 KQ, however, the output peak power without energy man-
agement is 0.12 mW and the equivalent resistance is 0.6 GQ.
Figure 5d (ii) demonstrates the ratio of the peak power of the
coupled output of the Ey-TENG and Sy-TENG to the peak
power of the E-TENG alone, where the peak power ratios with
different capacitances are analyzed, and it can be seen that
there is a millions-fold improvement at a low impedance load.

2.5. Demonstration of High-Performance Output

To demonstrate the high output performance of this coupling
method, the following applications are used for experimental
validation. Series-connected LEDs are suitable for verifying
the high voltage characteristic. To verify the high current char-
acteristic, 120 green 5-mm LEDs in parallel and two blue 10-mm
LEDs in series are used to test. Figure 6a (i),b (i) displays the Ey-

www.advenergymat.de

TENG separate output schematic diagram and the E,TENG
and S\-TENG coupling output schematic diagram. Figure 6a (ii),b (ii)
and Video S1, Supporting Information exhibit the LEDs lighting
situation, in which can be seen that all LEDs are lit at the coupling
output mode. The two series-connected 10 mm LEDs are very
bright and the parallel 5 mm LEDs are lit entirely, however,
with E\-TENG working alone, parallel LEDs are not lit and the
two series-connected 10 mm LEDs are dark. The lighting time
of LEDs in both modes is consistent with the sequence dia-
gram in Figure 5a,b, in which the coupling mode lighting time
is short and the working alone mode is long. In Figure 6c¢ (i,ii)
and Video S4, Supporting Information, a temperature and
humidity sensor can be lit up for work. Figure 6d (i) describes
the schematic diagram of the coupled Ey-Sy mode. Figure 6d (ii)
exhibits the device of the actual image. Figure 6d (iii) and
Video S2, Supporting Information exhibit the successful
lighting of six 100 W parallel lamps at 1 Hz. Figure 6e (i)

(c)
M

(ii) (ii)

(ii)

(d) .

(i) l’ﬁ r (ii)
& i

EV-TENG‘

Sy-TENG

(iif)
Power six 100 W lamps in
parallel

e
" (i) Vg S— (ii)

LV 1
__Cs
Ex-TENG

(iii)
Power six 100 W lamps in
parallel

Brighter

Figure 6. Demonstration of high-performance coupling models. a) Photograph of 120 LEDs in parallel and two blue LEDs in serial powered by TENG
without the switch. b) Photograph of 120 LEDs in parallel and two blue LEDs in serial powered by TENG with the switch. c) i,ii) Powering a temperature
and humidity sensor. d) Schematic diagram of six 100 W lamps in parallel powered by Ey-Sy mode TENGs. e) Schematic diagram of six 100 W lamps

in parallel powered by E,-Sy ,ode TENGs.
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exhibits the schematic diagram of the Ey-Ey mode.
the lighting of six 100 W parallel lamps at 4.0 Hz for E;-TENG
and 1 Hz for E-TENG, which is brighter than the Ey-Sy mode.
To better demonstrate the output performance, demonstra-
tions of the foot pedal and hand press are displayed (Video S5,
Supporting Information) and it can be seen that the lighting
effect is clearly visible in dark conditions. The above appli-
cations verify the function of the self-triggering switch and
proved the high performance of coupling model output, and
show the great potential for energy management and distrib-
uted energy applications. It also provides significant guidance
to the next stage of development toward an ultra-high-output
power management system.

3. Conclusion

In this paper, a self-triggering switch controlled by TENGs
is proposed for power management to achieve a high-
performance output, which can effectively convert the contin-
uous dispersed charge distribution into a regular and logically
attributed charge distribution. The experimental results show
that the coupling mode single cycle current of the vertical con-
tact separation mode TENG increased by 137 times (32 YA to
4.32 mA). The current of the E-TENG and Sy-TENG coupled
outputs for a single cycle increased by 5284 times (1.3 pA to
6.87 mA). Owing to the extraordinary performance, six 100 W
commercial lamps and 120 LEDs in parallel can be lit. The cou-
pling output method by the arrangement of multiple TENGs
widens the path for the mechanical design of TENGs, which are
easily applied to various energy harvesting fields. In addition, it
also demonstrates a framework for high-performance output.
Meanwhile, it shows great potential in the field of micro/nano
energy harvesting and provides important guidance for the
energy management of TENGs.

4. Experimental Section

Fabrication of the Vertical TENG: A laser cutter was used to fabricate
various dimensions of a 5 mm thick acrylic plate as a substrate. A
sponge adhesive with a thickness of 2 mm was used as a soft contact
layer to adhere to the acrylic plate substrate. A copper film with a
thickness of 50 um adhered to the sponge as the dielectric friction layer.
A polytetrafluoroethylene (PTFE) film with a thickness of 80 um adhered
to the copper film. Another same copper film as the dielectric friction
layer adhered on another identical acrylic board.

Fabrication of the Horizon TENG: In terms of the stator, the size of an
acrylic drum was a diameter of 120 mm and a height of 90 mm. Six pairs
of copper films of 50 um thickness adhered to the internal acrylic drum as
the dielectric friction layer. For the rotor, a 100 mm diameter and 60 mm
height hollow polylactic acid (PLA) was made as rotor support. Six pieces
of fluorinated ethylene propylene (FEP) were evenly fixed on the support.

Electrical Measurement: The E,-TENG and Sy-TENG were driven
by a linear motor (Model: LinMot S01-37/120-C) and the E.-TENG
and Sy-TENG were driven by a commercial stepping motor (Model:
DVS DE60HB102). The Keithley 6514 programmed electrometer was
employed to measure the output performance, such as open-circuit
voltage, short-circuit current, and transferred charge. In addition, the
measured data were stored and displayed by the data acquisition card
(Model: NI-6218B) and the computer, respectively.
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