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Nanogenerator for Harvesting Mechanical Energy by Both
Electrostatic Induction and Dielectric Breakdown Effects

Linglin Zhou, Di Liu, Shaoxin Li, Zhihao Zhao, Chunlei Zhang, Xin Yin, Li Liu,
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environment as the energy of a new
era.l Among various kinds of distributed
energy, ambient mechanical energy pro-
vides a promising power source because
of its wide distribution and sufficient avail-
ability. With desirable merits of simple
structure, light weight, broad material
availability, low cost, and high efficiency
even at low-frequency operation, the tri-
boelectric nanogenerators (TENGs) have
been proved as an alternative technology
for extracting ambient mechanical energy
that is ubiquitous and almost endless.>®!
Based on the coupling effect of triboelec-
trification and electrostatic induction, the
conventional TENG, called AC-TENG here
due to its alternating current (AC) output
character, can convert mechanical energy
into electrical energy, which have exhibited
great potential to operate as self-charging
power systeml and self-powered sensors.>% As an energy
generator, the extensive application of TENG highly depends on

With the advantages of its light weight, low cost, and high efficiency espe-
cially at low operation frequency, the triboelectric nanogenerator (TENG) is
considered to be a potential solution for self-powered sensor networks and
large-scale renewable blue energy. However, the conventional TENG converts
mechanical energy into electrical energy only via either electrostatic induc-
tion or electrostatic breakdown. Here, a novel dual-mode TENG is presented,
which can simultaneously harvest mechanical energy by electrostatic induc-
tion and dielectric breakdown in a single device. Based on the complementary
working mechanism, it achieves a great improvement in the output perfor-
mance with the sum of two TENGs via a single mechanism and reveals the
effect of dielectric layer thickness on the triboelectrification, electrostatic
induction, and air breakdown. This study establishes a new methodology to
optimize TENGs and provides a new tool to investigate the triboelectrifica-
tion, electrostatic induction and dielectric breakdown simultaneously.

1. Introduction

As the world marches into the era of internet of things (IoTs),
robotics and artificial, large efforts have been devoted to devel-
oping sustainable, clean, mobile, and distributed energy from
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its output power density and energy conversion efficiency, which
are dictated by the triboelectric charge density quadratically.
Recently, a great deal of research has been focused on materials
selection,??!l surface modification,*”) environment optimiza-
tion,23-2%] structure design,?*-28 and ultrathin dielectric layer uti-
lization?>3% to enhance the triboelectric charges. Nevertheless,
the electrostatic breakdown effect in ambition environment can
inevitably reduce the triboelectric charges, causing the loss of
the electrostatic energy.*y! On the other hand, the maximal sur-
face charge density can be achieved after several cycles through
charge accumulation process.[*?l Therefore, the following tribo-
electrification process is invalid for charge accumulation, which
will further reduce the energy conversion efficiency.

Currently, direct current triboelectric nanogenerators
(DC-TENGsS), based on the conjunction of triboelectrification
and electrostatic breakdown, have been developed for directly
converting mechanical energy to a constant current.?*% Com-
pared to traditional TENGs obtain a DC output based on elec-
trostatic induction by using a full-wave rectifier, rotary rectifier
bridge,*®! or a multi-phase rotation-type structure,”” DC-TENG
can supply a constant current power source to directly power
electronics without any rectifier or energy storage devices,
which can serve as a promising solution to miniaturize the self-
powered systems for the era of distributed electronic devices.
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Figure 1. The development of TENG for harvesting mechanical energy based on triboelectrification, electrostatic induction, and electrostatic break-
down. A) Different mode TENGs for harvesting mechanical energy based on triboelectrification, electrostatic induction, and electrostatic breakdown.
B) Working mechanism of conventional AC-TENG. C) Working mechanism of DC-TENG. D) A schematic illustration of sliding dual-mode TENG
proposed in this work. E) Working mechanism of dual-mode TENG in a full cyclic motion. F) Surface charge density of the dual-mode TENG.

However, only parts of triboelectric charges can be collected
by DC-TENG via breakdown effect, where the other parts still
remain on the surface of dielectric film. Based on triboelectri-
fication, the generated electrostatic charges can be transferred
to electricity energy by electrostatic induction and electrostatic
breakdown. Therefore, the charge values of AC-TENG via
electrostatic induction and DC-TENG via electrostatic break-
down can approximately be regarded as a complementary set
that mainly consists of the total triboelectric charge quantity
as shown in Figure 1A. However, previous works can extract
mechanical energy after triboelectrification process only by
one of the mentioned two technologies, that either AC-TENG
or DC-TENG, where another part of the triboelectric charges is
always difficult to harvest. Therefore, harvesting the total tribo-
electric charge quantity to enhance the performance of TENGs
is highly desired.

In this work, we develop a dual-mode TENG for harvesting
mechanical energy by the conjunction of triboelectrification,
electrostatic induction, and electrostatic breakdown effects.
Based on the working principle, both AC and DC can be
simultaneously generated in a device, where the total output is
a sum of a single AC-TENG and a single DC-TENG with the
same structure. The improvement of total output performance
is demonstrated through both sliding dual-mode TENG and
rotary dual-mode TENG. With the independence of AC and DC
outputs, the sliding dual-mode TENG is used to investigate the
effect of dielectric layer thickness on the output of AC-TENG
and DC-TENG at the same time. This work not only provides
a new optimized methodology for TENG to enhance its output
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performance, but also gives an effective tool to study triboelec-
trification, electrostatic induction, and electrostatic breakdown.

2. Results and Discussion

2.1. Principle of Dual-Mode TENG

The conventional TENG converts mechanical energy into
electrical energy only via either electrostatic induction or elec-
trostatic breakdown separately. For harvesting the total tribo-
electric charge quantity to enhance the performance of TENGs,
we propose a novel dual-mode TENG to simultaneously har-
vest mechanical energy by electrostatic induction and dielectric
breakdown effects (Figure 1A). The dual-mode TENG is built
on the integration of conventional AC-TENG and DC-TENG,
where it can adopt either sliding mode or rotary mode to har-
vest the total triboelectric charge quantity.

Previous works have been demonstrated the sliding-mode
AC-TENG,B#3% where a typical AC output will be achieved
based on the working principle of triboelectrification effect and
electrostatic induction (Figure 1B; Figure S1 and Note S1, Sup-
porting Information). In this mode, the electrode and dielectric
layer move with each other in the horizontal direction, where
only half of the space can be utilized to generate triboelectric
charges. As for the DC-TENG,*" based on the triboelectrifica-
tion effect and electrostatic breakdown, a constant current can
be achieved by simply sliding on a triboelectric film (Figure 1C;
Figure S1 and Note S2, Supporting Information).
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Here, we present a dual-mode TENG that can simultane-
ously harvest mechanical energy by the coupling effects of
triboelectrification, electrostatic induction, and electrostatic
breakdown in a single device. The structural scheme of the
dual-mode TENG is illustrated in Figure 1D. It mainly consists
of a stator and a slider working in the sliding mode. Specifi-
cally, the stator contains an induction electrode (IE) connected
to dielectric film as triboelectric layer; here, fluorinated ethylene
propylene (FEP) is used. The slider is similar to that of DC-
TENG, which is mainly composed a frictional electrode (FE)
and a charge collecting electrode (CCE) with a minute gap to
triboelectric layer. The FE and IE set to the same size, both of
which are only half the size of FEP film. The detailed fabrica-
tion process is described in the Experimental Section.

The working mechanism of dual-mode TENG is shown in
Figure 1E. If physical contact occurs between the two surfaces
of FEP film and FE layer that display a distinct surface elec-
tron affinity, there are negative charges on the FEP film and
positive charges on the FE layer due to triboelectrification effect
(Figure 1E[i]). Driving by applied force in the direction parallel
to the interface, a relative displacement will be formed. With
the change of the contact surface area, a potential difference
across IE and the FE will be produced, resulting in a current
signal in external circuit to balance the potential difference
(Figure 1E[ii]). During this process, a continuous signal will be
obtained until the FE completely separated from the top of IE
(Figure 1E[iii]). Once the slider moves backward, the electrons
will flow back and an opposite current will be realized, finally
producing a pulse AC signal in one cycle of operation. Mean-
while, owing to the electret effect, FEP film can hold a quasi-
permanent electric charge. Therefore, in the backward motion,
a very high electrostatic field will be built between the FEP film
and CCE. If the electrostatic field is high enough to ionize the
air dielectric, where the value is approximately 3 kV mm™ from
Paschen’ Law, air breakdown will occur between the FEP film
and CCE, leading to electrons transfer from FEP film to CCE
to reduce the potential difference, and finally to FE through
external circuit (Figure 1E[iv]). The discharge process will con-
tinue during the backward motion process, resulting in a single
direction of electrons flow. Therefore, AC and DC outputs can
be simultaneously generated through periodic operation process
(Figure 1F; Movie S1, Supporting Information). The working
mechanism of dual-mode TENG is further demonstrated
by using three signal output ports (Figure S2 and Note S3,
Supporting Information). Besides, the influence of different
connection mode on the performance of dual-mode TENG is
investigated as presented in Figure S3, Supporting Informa-
tion. It is found that the values of AC and DC of dual-mode
TENG are almost the same with different connection mode,
indicating that the output performance of dual-mode is not
affected by the connection mode.

Calculated according to the effective sliding area (Figure S4,
Supporting Information), the surface charge densities of single
sliding mode AC-TENG and single DC-TENG with FEP film
with a thickness of 230 um are 127 and 112 uC m~2 (Figure S1,
Supporting Information), respectively. By using a single
device, dual-mode TENG simultaneously harvests both of the
AC and DC outputs with almost the same value of two TENGs
via single mechanism (Figure 1F), which greatly improves the
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total output performance of TENG with a larger space utiliza-
tion efficiency.

2.2. Performance of Sliding Dual-Mode TENG

The photograph of two parts of sliding dual-mode TENG is
shown in Figure S5, Supporting Information. To measure the
output performance of sliding dual-mode TENG, the device
is driven by a programmable liner motor to create the sliding
motion. The charge density, current density, and open-circuit
voltage (Voc) of the sliding dual-mode TENG are displayed
in Figure 2. As for the charge density, both of the DC and
AC values almost keep a constant (=115 uC m=2 of DC and
=130 uC m™ of AC) at different accelerations (Figure 2A),
which is because that the transferred charge highly depends
on the collected charge area after triboelectrification. Besides,
the current density and Vg increase with acceleration because
it is highly related to the charge transfer rate. With accel-
eration increasing, the current density of DC increases from
229 UA m™% at 0.1 m s7% to 672 UA m~2 at 0.8 m s72, while the
value of AC improves from 282 to 833 uA m~2 (Figure 2B). The
corresponding V¢ of DC also increases from 6 to 16 V, while
the Voc of AC keeps a constant value of 129 V (Figure 2C). In
addition, the current density and V¢ also change with veloci-
ties. With the velocities increasing from 0.01 to 0.04 m s7., the
current density of DC enhances from 60 to 408 uA m™2, while
the value of AC improves from 67 to 627 nA m~ (Figure 2D).
Correspondingly, the Vo of DC also increases with velocity
from 1.5 to 10 V, while the V¢ of AC keeps a stable value of
138 V (Figure 2E). Based on the above working mechanism and
experimental results, it can be found that the output of dual-
mode TENG is the sum value of a single AC-TENG and DC-
TENG, which improves the total performance of TENGs. In
addition, the output performance of AC and DC in sliding dual-
mode TENG is independent. Therefore, the dual-mode TENG
not only can highly improve the total output performance of
TENGsS, but also can be used to symmetrically investigate the
effect of various factors on the triboelectrification, electrostatic
induction, and electrostatic breakdown effects.

As a key factor, the thickness of dielectric film has a signifi-
cant impact on the output performance of TENG. Therefore,
investigating the effect of dielectric film thickness on the tri-
boelectrification, electrostatic induction, and electrostatic break-
down effect is favorable to guide the design of TENG. By using
the proposed dual-mode TENG, the influence of FEP thickness
on both of the AC and DC output is investigated as shown in
Figure 2F-H. With the thickness of FEP film decreasing from
230 to 30 um, the charge densities of DC during one cycle are
almost keep a constant value of 115 uC m=2, which is much
higher than those of DC-TENGs based on electrostatic break-
down.}¥ Furthermore, the charge density of dual-mode TENG
can be further improved by introducing nano-structure on the
surface of FEP film, reducing the gap distance between FEP
and CCE, adding two CCEs at the both ends of slider.*! While
the value of AC increases from 127 to 309 uC m=2, which is
extremely close to the theoretical value with air breakdown.*l
Similarly, the current density and V¢ of DC almost keep a
constant value of about 205 HA m™ and 4 V, while the current
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Figure 2. Output performance of sliding dual-mode TENG. A) Charge density, B) current density, and C) open-circuit voltage of the sliding dual-mode
TENG at different accelerations with 230-um FEP film. D) Current density and E) open-circuit voltage of the sliding dual-mode TENG at different
velocities with 230-um FEP film. F) Surface charge density, G) current density, and H) open-circuit voltage of the sliding dual-mode TENG at different
thickness of FEP film. 1) Distribution of the electric field between the CCE and triboelectric layer at different thickness of FEP film.

density and Vg of AC improve from 218 to 528 uA m~2, and
from 142 to 288 V, respectively. Through the finite element
analysis method based on COMSOL software, the electrostatic
field intensity between the CCE and FEP film is independent
of the FEP thickness (Figure 2I), which explains well the stable
performance of DC at different thickness of FEP film. The
performance of AC improve with the decreasing of FEP thick-
ness might because the inevasible air breakdown in practice,
which has been confirmed that the maximum charge density
will increase with decreasing the thickness of dielectric film if
there is air breakdown phenomena.l**#l These results indicate
that better performance of electrostatic induction is attained in
a thinner dielectric layer, while the influence of film thickness
on electrostatic breakdown is very limited. For this guidance, a
high output of AC-TENG can be realized by using an ultrathin
dielectric layer, and the stability of DC-TENG without loss of
the output can be achieved by using a thicker dielectric film.
Moreover, the long-term output current density of sliding dual-
mode TENG is investigated as presented in Figure S6, Sup-
porting Information. After working 3000 s, the values of AC
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and DC are nearly keep constant, indicating a good stability. As
one of the key concerns regarding TENG, especially for sliding
mode TENGs, developing materials that have the most robust
mechanical durability and stability, and using a conjunction
of working modes for TENG are the two possible strategies to
solve this issue.*?

2.3. Performance of Rotary Dual-Mode TENG

A radial-arrayed rotary dual-mode TENG is achieved via the
parallel multiple sliding dual-mode TENGs. With a multilay-
ered structure, the rotary dual-mode TENG mainly composes
of a rotator and a stator, as displayed in Figure 3A,B. Both of
the rotator and stator consist of radially-arrayed sectors, where
each unit is similar to a sliding dual-mode TENG. In this struc-
ture, all the CCE and FE are connected in parallel, respectively.
Moreover, a foam on the bottom of IE is used as buffer layer to
guarantee the effective contact between the FE and triboelectric
layer.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The working mechanism and output performance of rotary dual-mode TENG. A) Schematic illustration of rotary dual-mode TENG (inset
shows the enlarge illustration of the stator). B) Photographs of the rotary mode TENG (scale bar, 5 cm). C) Working mechanism of rotary dual-mode
TENG. D) Transferred charges, E) short-circuit current, and F) open-circuit voltage of rotary dual-mode TENG at different rotation rates. G) Output
current and power of rotary dual-mode TENG with various resistances. H) Short-circuit current of rotary dual-mode TENG at high rotation rates. I) Crest
factor of rotary dual-mode TENG at different rotation rates.

The operation of rotary dual-mode TENG is based on a rela-  through the IE during the movement. Therefore, an experiment
tive rotation between the rotator and stator. Different from the =~ was conducted to investigate the working principle and output
sliding mode, the CCE of rotary dual-mode TENG will pass  performance of dual-mode TENG when the CE passes through
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the IE part. As shown in Figure S7, Supporting Information,
when the CCE closes to the IE from state (i) to (ii) (Figure S7A,
Supporting Information), the DC and AC are independent of
each other as the above sliding mode. In this stage, both of DC
and AC are obtained as the mechanism of sliding dual-mode
TENG, where the transferred charges of DC and AC are 35 and
48 nC, respectively (the red background part of Figure S7B, Sup-
porting Information). When the CCE go through the IE as the
state from (ii) to (iv), a DC with 27 nC and a reversed AC with 32
nC are also harvested (the blue background part of Figure S7B,
Supporting Information). It means that both electrostatic induc-
tion and electrostatic breakdown take place on the FEP where
is upon the IE layer. A similar change can be more obviously
reflected from the I5c of DC and AC in different working states
(Figure S7C, Supporting Information). The smaller output of
DC in the later process is because that triboelectrification on
FEP film is shielded by CCE. Meanwhile, the residual static
charges after triboelectrification still are stored on the surface
of FEP films, resulting in the AC output based on the triboelec-
trification in the later process (Figure 3C). The working mecha-
nism of rotary dual-mode TENG at first cycle is elaborated in
Figure S8 and Note S4, Supporting Information.

It is noteworthy that when the CCE passes through the IE,
the total transferred charges in one cycle can be regarded as the
sum value of DC and AC during this process, which can be cal-
culated as 142 nC, and it is higher than the 131 nC obtained
in previous dual-mode TENG that the slider moves forth and
back. The result indicates that the collection of total triboelec-
tric charges in one cycle can be further improved through the
coupling effects of electrostatic induction and electrostatic
breakdown. Generally, air breakdown could dissipate the static
charges on the surface of dielectric film, thus new triboelectric
charges will be generated via the operation of rotary dual-mode
TENG in each cycle. Based on this, part of the newly generated
triboelectric charges will be extracted to produce DC, and the
residual parts can be harvested to generate AC. Besides, owing
to the high efficiency to generate triboelectric charges of the
sliding and rotary modes, the fabricated dual-mode TENG can
not only harvest mechanical energy by breakdown effect that
always induces the loss of the electrostatic energy, but also
improves the triboelectrification effect that usually is invalid
after reaching the saturation surface charge density, which fur-
ther enhances the collection of total triboelectric charges, and
thus improves the energy conversion efficiency of TENG.

As a major factor, the influence of rotation speed on the per-
formance of the rotary dual-mode TENG was also investigated
as shown in Figure 3D-F. With the rotation speed ranging from
20 to 60 rpm, the transferred charge speed, short-circuit current
(Isc), and Ve of DC part increase from 1.0 to 3.5 uC s7%, from 4.3
to 6.1 uA, and from 43 to 61V, respectively. In addition, the trans-
ferred charge and V¢ of AC part almost keeps a stable value of
~94 nC and =352 V, while the corresponding I5¢ increases from
4.6 to 6.7 YA, respectively. Once connecting an external load, the
current value of DC is almost stable, the corresponding power
output improves linearly with the load resistance increasing,
from 0.02 W to 0.11 mW with the load increasing from 0.001 to
10 MQ (Figure 3G), which can be further improved with external
load increasing. In addition, the current of AC declines with
the load resistance increasing, and the maximal output power

Adv. Energy Mater. 2020, 2000965

2000965 (6 of 8)

www.advenergymat.de

reaches 0.22 mW in the matched load of 20 MQ at rotation speed
of 40 rpm (Figure 3G). If further improving the rotation speed
to 600 rpm, the current of DC increases to11.2 A (Figure 3H).
Interestingly, with the rotation speed increasing, the average peak
current of DC part is close to the equivalent current (Figure S9,
Supporting Information), and its crest factor approaches to 1
(Figure 3I). From the above results, a constant current output
would be realized in a higher rotation speed.

2.4. Application of Dual-Mode TENG to Drive Electronic Devices

To demonstrate the enhanced output performance of the dual-
mode TENG, a rotary dual-mode TENG is applied to drive
various electronic devices together with an energy storage
unit at 60 rpm. The system diagram is depicted in Figure 4A,
where the DC part is directly connected with a capacitor of
4.7 uF, while AC part and the capacitor are connected by a full-
wave rectifier. The corresponding circuit diagram is displayed
Figure 4B. When switch K1, K2, and K3 are on and K4 is off,
the dual-mode TENG can be utilized to charge capacitor to 10 V
in 4.8 s with the integrated output (Figure 4C), and the equiva-
lent charging current (I) can be calculated as 9.78 pA (Note S5,
Supporting Information). By using a single AC or DC output,
the charging rate obviously declines, and the charging currents
decrease to 6.5 and 3.6 PA, respectively.

When all the switches are on, the dual-mode TENG can be
used to be a self-powered system with a capacitance (220 pF,
here) to drive an electronic calculator (Figure 4D). Monitored
by a voltmeter, a declined voltage of the capacitor is observed
when it powers the calculator alone with the discharging cur-
rent of 3.2 UA. When the dual-mode TENG works, the voltage
increases with an integrated charging current of 4.49 uA,
and the calculator is driven simultaneously (Figure 4E). Even
though the single DC output or AC output of dual-mode TENG
can drive the electronic calculator as well, the charging currents
of them are much lower, which are 1.29 and 3.36 A, respec-
tively (Figure 4F,G).

3. Conclusion

In this work, we have proposed a dual-mode TENG to effec-
tively convert mechanical energy into electricity based on the
coupling effects of triboelectrification, electrostatic induction,
and electrostatic breakdown. According to the complementary
working mechanism, triboelectric charges generated in one
cycle can be simultaneously harvested by electrostatic induc-
tion and electrostatic breakdown effects, which generates AC
and DC outputs at the same time in a single device. Com-
paring with the two TENGs via single mechanism, the total
output of dual-mode TENG is largely improved with a high tri-
boelectrification effectiveness, which is demonstrated through
both sliding dual-mode TENG and rotary dual-mode TENG.
Besides, the sliding dual-mode TENG enable to symmetrically
investigate the impact of factors such as dielectric layer thick-
ness on triboelectrification, electrostatic induction, and air
breakdown, which can be a guidance to design both AC-TENG
and DC-TENG. This study establishes a new methodology to

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Application of the dual-mode TENG to drive electronic devices. A) System diagram and B) circuit diagram of the self-powered system for
powering electronics with energy storage units. C) Charging curves of the capacitor (4.4 LF) by dual-mode TENG at 60 rpm. D) Photograph of a watch
driven by dual-mode TENG (scale bar, 5 cm). Charging curves of the capacitor when the calculator is driven by dual-mode TENG simultaneously with

E) integrated output, F) DC output, and G) AC output.

optimize TENG and provides a new tool to investigate the tribo-
electrification, electrostatic induction, and dielectric breakdown
simultaneously.

4. Experimental Section

Fabrication of the Sliding Dual-Mode TENG: A commercialized PCB
with dimensions 20 x 20 x 1.6 mm was used as the slider, where a
pre-deposited Cu film on the surface of PCB board acted as friction
electrode. Between the friction electrode and the left end of the PCB
board, there was a tiny distance of about T mm. A rectangle Cu foil with
dimensions of 20 X 1.6 x 0.05 mm was pasted the on the left side of PCB
board as charge collecting electrode, where a tiny gap also was between
the charge collecting electrode and triboelectric layer. As for the stator,
an acrylic board was cut into a rectangle acrylic sheet with dimensions
of 40 X 20 X 5 mm by using a laser cutter (PLS6.75, Universal Laser
Systems), acting as the substrate. A 40 x 20 x 2 mm foam was adhered
on top of the substrate to ensure the contact intimacy. Then, an FEP film
with dimensions of 40 x 20 x 2 mm, deposited with a thin 20 X 20 mm
Cu layer by vacuum magnetron sputtering on the bottom and left side as
induction electrode, was adhered to the foam as the triboelectric layer.

Fabrication of the Rotary Dual-Mode TENG: For the rotator, an
acrylic board was cut into a disc-shape with a diameter of 14 ¢cm and
a thickness of 3 mm, acting as substrate. A through-hole was drilled at
the center of the acrylic sheet to connect the rotational motor. After that,
a foam with the same size was adhered on the surface of the substrate
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as the buffer layer. Then, a collection of radially arrayed conductive
fabric with a central angle of 10° was attached on the surface of foam,
all the conductive fabrics were connected on the side of the substrate
as the induction electrodes. In the operation, a brush was always used
to connect the conductive fabrics for collecting current. Lastly, FEP film
with thickness of 230 um was adhered on the surface of conductive
fabric as triboelectric layer. As for the stator, an acrylic board with a
central angle of 2°, a diameter of 14 cm, and a thickness of 5 mm was
used as the substrate. Then, a PCB board with the same shape and size
was stuck on the surface of substrate, where pre-deposited copper film
with the same shape and size of conductive fabric was used as frictional
electrodes. The frictional electrodes were mutually connected with one
another. After that, the Cu foils with dimensions of 140 x 2 x 0.05 mm
were pasted at the right side of the PCB board with a minimum gap
between the FEP film and Cu foils.

COMSOL Simulation: The 2D potential distribution between two
the CCE and charged FEP films was calculated using the commercial
software COMSOL. The distance between the CCE and FEP layer was set
to be 0.5 mm, and the potential distribution was investigated at different
thickness of FEP with 30, 60, 80, 130, and 230 um, respectively. The
surface charge density of each FEP film was 50 uC m=2.

Measurement: The sliding process was conducted by a linear motor
(TSMV120-1S). The rotary process was operated by a rotational motor
(80BL165575-3130TKO). The short-circuit current, open-circuit voltage,
and transferred charges of the AC/DC-TENG were measured by a
programmable electrometer (Keithley model 6514). The capacitance of
the capacitor and the charging/discharging curves of the self-charging
power system were tested by a potentiostat (Logic, VSP-300, France).

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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