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Triboelectric nanogenerator (TENG), as an effective environmental energy harvesting device, provides a prom
ising method for powering electronic devices with low power consumption. However, the low surface charge
density of the triboelectric layer limits its practical application. In this paper, a charge handling triboelectric
nanogenerator (CH-TENG) with synchronous mechanism is proposed to effectively improve the output perfor
mance. It consists of the pump-TENG, the main-TENG, and charge handling circuit. Through the cooperation of
the pump-TENG and charge handling module, the extra charges are injected into the main-TENG, rapid charge
accumulation is achieved. The experimental results depict that CH-TENG obtains open-circuit voltage 1200 V,
short-circuit current 75 μA, instantaneous output power 27 mW, and the transferred charge reaches 0.8 μC at a
frequency of 1.5 Hz. Under the wind speed of 6 m/s, CH-TENG spent 39 s to charge the 220 μF capacitor to 3.0 V,
and finally stabilized at 1.26 V to keep the hygrothermograph working stably. The CH-TENG provides a sig
nificant reference for improving the high-performance output harvest wind energy in the environment.

1. Introduction
With the booming development of sensor network, the portable
electronic devices and distributed sensors have been universal in our
products and lives [1–3]. The energy used to drive these devices will also
rapidly increase [4,5]. The battery as a power source not only has a
limited lifespan but also needs to face the environmental pollution
problem caused by the difficulty of effective recycling. In order to reduce
environmental pollution, rational development and utilization of en
ergy, the development of clean and renewable energy and more efficient
harvest is particularly important [6,7]. And how to effectively harvest
energy in the environment and has attracted the attention of the ma
jority of scientific researchers.
Triboelectric nanogenerator (TENG) was first invented by Wang’s
group in 2012 [8–12], it is based on the coupling effects of electrostatic
induction and triboelectrification [13,14]. It has the characteristics of
high conversion efficiency, a wide range of material selection, a simple
production process, and low cost. It can effectively harvest the tiny

energy in the environment and has attracted the attention of the ma
jority of scientific researchers. At present, it has demonstrated great
application development potential in four aspects of micro-nano energy,
self-powered systems, blue-ocean energy, and high voltage applications
[15,16]. But the surface charge density of TENG is still low triboelectric
charging, which seriously affects the power output of the TENG [17–19].
In addition, the induced charge is limited to the surface of the dielectric
layer, which is far from reaching its maximum charge output capacity
[20–26]. Previous research aims to break through the limit of charge
density, which is mainly focused on materials selection, structure opti
mization, surface modification, and environmental control of the TENG
[27–32]. The above methods can maintain a high output performance
[33–41]. However, the high-performance output is still difficult to
achieve, due to the strictly environmental parameter control or the
complex circuit parameters. For this reason, it is particularly important
to design a high-performance output device with simple circuit param
eters under normal circumstances.
In this work, a charge handling triboelectric nanogenerator (CH-
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Fig. 1. (a) Overall rendering and main structure rendering of the CH-TENG. (i) Illustration of the overall structure; (ii) illustration of the synchronization mechanism;
(iii) illustration of the contact switch. (b) Photographs of (i) the CH-TEHG; (ii) the cam in synchronization mechanism; (iii) the pump-TENG.

Fig. 2. Working principle of hardware equipment: (a) The working principle of contact separation TENG. (b) (i)-(iii) COMSOL potential simulation in three states.
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Fig. 3. The diagram of circuit working principle.

TENG) with synchronization mechanism is proposed. It consists of the
pump-TENG, the main-TENG, and charge handling circuit, which in
cludes a flying capacitor and mechanical switch. The pump provides
charge and transfers it through the flying capacitor and mechanical
switch in the charge handling module. The on–off of the switch matches
the contact-separation movement of the TENG because of the mechan
ical switch. Therefore, the charge is injected from pump-TENG into the
capacitor and main-TENG, and the multiple circulating charges reach
maximum value. Meanwhile, the mechanical switch prevents charge
backflow. The double capacitor value matches the TENG equivalent
variable capacitor model of the contact-separation mode, which ensures
to output the maximum charge of the main-TENG. The flying capacitor,
buffer capacitance, and the number of regulated diodes is studied sys
tematically impact on output performance. The CH-TENG prototype is
driven at a frequency of 1.5 Hz, with an output open-circuit voltage of
1200 V, a short-circuit current of 75 μA, a charge transfer of 0.8 μC, and
a power of 27 mW. Furthermore, it can stably actuate the temperature
and humidity sensor in a simulated wind environment. In short, this
work is about harvesting environmental energy, provides a new
approach.

CH-TENG consists of the pump-TENG and the main-TENG in contactseparation mode, synchronization mechanism, a mechanical switch,
and a conductive slip ring. Fig. 1a(i) depicts the complete schematic
diagram of the prototype structure. Fig. 1a(ii) indicates the enlarged
rendergraph of the synchronization mechanism. The synchronization
mechanism is composed of four cams and two movers. The pump-TENG
and the main-TENG are distributed on both sides of the synchronization
mechanism. Also, the two movers of the synchronization mechanism are
respectively pasted with Kapton film and PTFE film on the copper
electrode. The module shaft rotates under excitation and drives the
turntable in the synchronization mechanism to rotate. Then drives two
separate TENG at the meantime under the action of the synchronization
mechanism. And spring-driven TENG realizes contact separation
movement at twice the external drive frequency. Fig. 1a(iii) shows the
schematic diagram of the mechanical switch, and the mechanical switch
consists of a rotor and a stator. The rotor is PLA, and its surface is
covered with copper. When the rotor and the lower end of the stator
copper foil contact, switch S1 is turned on, and when the rotor and the
upper end of the stator copper foil contact, switch S2 is turned on. Fig. 1b
(i) is the photograph of the CH-TEHG. Fig. 1b(ii)-(iii) respectively shows
the cam in synchronization mechanism, and pump-TENG physical
photo. Fig. S1(a)-(b) indicates the photo of Kapton and PTFE on the
electrodes of two separate TENG.
As shown in Fig. 2(a), it shows the four states between the plates. The

2. Structure design and operating principle
The assembly drawing of CH-TENG overall structure in Fig. 1a. The

Fig. 4. (a) (i)-(iv) Four working process diagrams of the prototype. (b) (i)-(iv) Flow chart of turning on and off of mechanical switches S1 and S2.
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Fig. 5. Pump-TENG equivalent internal circuit working diagram: (a) charging process of an internal capacitor by the pump-TENG internal voltage source. (b) the
pump-TENG internal voltage source and internal capacitor discharge process together.

charge does not transfer when in contact, and the electrons are trans
ferred from the upper plate to the lower plate during separation. When
the separation reaches the maximum value, the charges are balanced
again, and the charges are not transferred. When approaching slowly,
electrons are transferred from the lower board to the upper board. Fig. 2
(b) shows the change in the electric field intensity of the main-TENG
plate during the contact separation process simulated by the COMSOL
Multiphysics 5.5 software.
The equivalent circuit diagram of the CH-TENG is illustrated in
Fig. 3. The circuit part in the middle contains a rectifier diode D1, two
capacitors (CF and CB) for charge transfer, and several Zener diodes D2
for voltage stabilization.
As shown in Fig. 4, the working principle of the CH-TENG was
demonstrated. Fig. 4a is the principle diagram of the four working states
of the synchronization mechanism. During the rotation of the cam
structure, two separate TENG realize the contact-separation movement
synchronously. A cycle of synchronization mechanism work can be
divided into four stages. As shown in Fig. 4a(i). It shows the first stage, at
this time, the two plates of the TENG are in contact with each other.
According to the parallel plate capacitance formula, the internal
capacitance in main-TENG reaches the maximum value. In the second
stage, as demonstrated in Fig. 4a(ii), the separation spacing between the
two plates is about to reach the maximum at this time, and the pumpTENG voltage is about to reach the maximum. The third stage is
depicted in Fig. 4a(iii), at this time, the separation spacing between the
two plates reaches the maximum value, and the internal capacitance of
the main-TENG is the smallest at present. The fourth stage is depicted in

Fig. 4a(iv). The plate is just starting to close while the main-TENG
capacitance gradually increases. When the cam structure rotates to
drive the synchronization mechanism to contact and separate, the rotor
of the mechanical switch also rotates at the same frequency. Fig. 4b
contrasts the four changes of the mechanical switch. During this process,
when the switch is disconnected from S2, the plates are in contact, and
they are about to separate to the maximum. Then the switch and S1 are
turned on. And at the moment of separation to the maximum distance,
the switch is disconnected from S1; when the two plates begin to close
and meanwhile, the S2 is on.
Based on the equivalent electrical characteristics of the TENG, it can
be equivalent to a series connection of a voltage source and a variable
capacitor [42–44]. For the contact-separation mode of TENG, the
equivalent capacitance at complete contact and gradual separation is
Ccontact and Cseparate, which is shown in Eq. (1) and (2).
Ccontact =
Cseparate =

ε0 εr S

(1)

d

ε0 S
d

εr + x

=

ε0 εr S
d + εr x

(2)

where d and εr are the thickness and relative dielectric constant of the
dielectric material, S is the effective contact area of two plates, x is the
distance between the layers of triboelectric, here x is restricted in the
interval of [0, 8 mm], ε0 is the vacuum dielectric constant.
For the pump-TENG, considering its equivalent circuit model, as
shown in Fig. 5a, in the first stage, when the TENG comes into contact

Fig. 6. (a)-(d) Equivalent circuit model and charge transfer process diagram.
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gradually, because the potential of the lower plate of TENG is higher
than that of the upper plate, the diode D is short-circuited, and the
switch S is turned off, and the equivalent capacitance of the TENG
reaches the maximum due to the reduction of the air gap, and the charge
Q0 is stored in CP in the form of charge QP through the diode. As shown
in Fig. 5b, in the second stage, When the TENG plate distance is about to
separate to its maximum, the potential of the lower plate is now lower
than that of the upper plate. At this time, the diode D is conductive, the
switch is off, the capacitance of the main-TENG equivalent capacitor
decreases due to the increase of air gap, and the charge Q0 in the voltage
source and the charge QP buffered in the capacitor CP is simultaneously
outputting to the circuit.
The equivalent charge transfer diagram of the CH-TENG is demon
strated in Fig. 6, which is consistent with the above-mentioned syn
chronization mechanism and switching process. It is divided into four
working stages. Here, in order to briefly discuss the charge transfer
situation, all charges are transferred by default all at once. In the first
stage, when the two plates are in contact, the internal capacitance CP in
the pump-TENG is charged to QP by the internal voltage source of the
pump-TENG through the rectifier diode. And the internal equivalent
capacitance CM of the main-TENG increases to the maximum, the stored
charge in the main-TENG reaches the maximum value QM. At this point,
CM is in the second stage. At the moment when the distance between the
two plates is going to reach the maximum value, switch S1 is off. At this
time, the voltage of the pump-TENG is about to reach the maximum
value, and the generated charge Q0 is released instantaneously after the
accumulation of the charge QP of the internal capacitor and charges the
flying capacitor CF to the charge QF. At this time, the capacitance CM of
the main-TENG decreases sharply due to the separation of the plates,
and the charge QM is transferred to the buffer capacitor CB, which would
be stored as a charge QB. In the third stage, When the separation distance
between the two plates reaches the maximum, the switch S1 is turned off
at the same time, with a stable charge and no-occurring transfer. The
charges are all stored in the capacitors CF and CB, their charges are QF
and QB respectively. In the fourth stage, the two plates begin to close,
and the switch S2 is off as well. At this time, the voltage source in the
pump-TENG self-charges its internal capacitor CP to charge QP via
rectifying diodes. As the equivalent capacitance inside the main-TENG
gradually increases, the charges QF and QB in the capacitors CF and CB
are jointly transferred to CM and stored in the charges QM. At this time, a
cyclic pumping process is completed.
After charge excitation on the main-TENG, air breakdown occurs due
to excessive the voltage VTENG between the dielectric layer of the upper
and lower electrodes. According to Paschen’s Law, it is very important to
calculate the maximum charge according to the main-TENG dielectric
parameters. In the main-TENG separation process, VTENG = VB. Q is the
total transferred charge, Q(x) is the charge of the triboelectric layer at a
separation distance of x. The charge of CB is equal to QB = Q-Q(x).
QTENG QB
=
CTENG CB

(3)

Q(x)

(4)

ε0 εr S
d+εr x

=

Q(x) =

Q − Q(x)
CB
Qε0 εr S
CB (d + εr x) + ε0 εr S

Table 1
Parameters of CH-TENG used in numerical analysis.

A(Px)
ln(Px) + B

Symbol

Numerical value

Constant
Constant
Atmospheric pressure
Effective contact area
Dielectric material thickness
Relative permittivity of dielectric materials
Vacuum dielectric constant
Buffer capacitor

A
B
P
S
d

43.66
12.8
1.013 × 105 Pa
4.77 × 10− 3 m2
5 × 10− 5 m
3.4
8.854 × 10− 12
6.8 × 10− 9 F

εr
ε0

CB

In order to avoid air breakdown, the governing equation of Q should
be given. Combined with Eqs. (4)-(6), the governing equation of Q is
established:
Q=

A(Px)CB
A(Px)ε0 εr S
+
ln(Px) + B (ln(Px) + B) × (d + εr x)

(7)

In order to illustrate the change rate of Q, the derivative of Q with
respect to x is given:
) (
(
)
dQ
AP
AP
ε0 εr S
APx
×
C
=
−
+
−
B
dx
ln(Px) + B (ln(Px) + B)2
d + εr x
ln(Px) + B
×

ε0 ε2r S
(d + εr x)2

(8)

The numerical parameters in Eq. (7) and Eq. (8) are listed in Table 1.
The numerical analysis process is provided in Supplementary Note 1
(Supporting Information), the numerical analysis results illustrate that
when the distance x is reached at 8 mm, the amount of Qmax is 12.3 μC.
Therefore, in order to effectively avoid air breakdown, in experiment,
the transferred charge Qsc should be less than 12.3 μC.
3. Experimental section
3.1. Fabrication of the CH-TENG
The CH-TENG is composed of an aluminum shaft, two barrels,
bearings, springs, acrylic plate as electrode base, cam, a mechanical
switch, conductive slip ring, copper electrode, flexible film, and base.
Four pieces of acrylic plates with dimensions of 102 mm (outer diam
eter) × 15 mm (inner diameter) × 2.5 mm (height) are processed by
laser cutting machine as bases. For two acrylic plates, they are pasted
with the copper electrode with a sponge of a size of 80 mm (external
diameter) × 18 mm (inner diameter) × 1.0 mm (height). The other two
acrylic plates are pasted with copper electrodes and covered with 50 μm
Kapton and 130 μm Poly tetra fluoroethylene (PTFE), respectively. The
contact area between them and the copper electrode is 80 mm (external
diameter) × 18 mm (inner diameter). The lengths of the two drums are
74 mm and 40 mm, respectively. Their specific size is 110 mm (external
diameter) × 104 mm (inner diameter). The size of the spring that makes
the two contact electrodes spring apart is 0.3 mm (wire diameter) × 5.0
mm (external diameter) × 15 mm (length). The cam, base, end caps, and
mechanical switches on the mechanical structure are print through a 3D
printer, the material is polylactic acid (PLA). A lathe processes the
aluminum shaft. The circuit consists of 3 kV ceramic capacitor, buffer
capacitors (CBB81), rectifier diodes (1N4007), and Zener diodes
(3EZ400D5).

(5)

According to Paschen’s Law, the relationship of the breakdown
voltage and the gap distance is:
VP =

Name

(6)

3.2. Electrical measurement
The rotary motor (J-5718HBS401, Longshun, China) is used to drive
the CH-TENG as the input source, keeps the CH-TENG stable output. The
transferred charges and the short-circuit current were measured by a
programmable electrometer (6517B, Keithley, USA) and a data

where P is the pressure of the gas, A and B are the constants determined
by the composition and the pressure of the gas. In order to avoid air
breakdown effect, VTENG < VP.
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Fig. 7. Initial output performance: (a) (i)-(iii) Voltage, current, and charge of Pump-TENG at different frequencies. (b) (i)-(iii) Voltage, current, and charge of MainTENG at different frequencies.

Fig. 8. (a) The CH-TENG maximum pumping amount of different buffer capacitors with voltage source. (b) Pump charge of 6.8 nF buffer capacitor at
different voltages.

acquisition system (PCI-6259, National Instruments, USA) test. And a
source meter (6517B, Keithley, USA) was adopted as the voltage source
for providing excitation voltage. A super phosphor oscilloscope
(SDS2204X, Siglent, China) is used to measure the open-circuit voltage.

for the subsequent experiment. In the subsequent experiments, under
the influence of the static charge on the surface of the main-TENG, the
initial voltage output of the main-TENG at 1.5 Hz is 16 V, the current
output is 2.5 μA, and the charge output is 13 nC.
In order to systematically discuss the influence of the specific pa
rameters of each device in the circuit on the output of CH-TENG. A high
voltage source is adopted instead of pump-TENG and flying capacitor to
provide input voltage, the charge is injected into the main-TENG and
buffer capacitor shows in Fig. 8. The transferred charge of the mainTENG reached the steady-state value in an instant using a high voltage
source. Theoretically. As the buffer capacitor size increases, the amount
of charge transferred between the main-TENG and the buffer capacitor
increases gradually in each cycle. As shown in Fig. 8a, this article tested
different buffer capacitors undermatching. Maximum buffer charge
under excitation of different voltage sources. But when the pump-TENG

4. Results and discussion
In the overall prototype test, to better understand the effect of two
separate TENG performance on the output performance of CH-TENG, as
well as the best frequency relationship of double TENGs. As shown in
Fig. 7, measured the initial performance output of two separate TENG
systematically. Eliminating the influence of excessively high frequency
on the stability of the synchronization mechanism, the initial perfor
mance output of two separate TENG have the same trend. In order to
ensure the stability of the experiment, the frequency of 1.5 Hz is adopted
6
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buffer capacitor of the main-TENG determine the time at which the
charge reaches saturation output. According to the capacitive reactance
matching principle, when the flying capacitor is small enough relative to
the main-TENG, there can be a greater proportion of the charge that can
be pumped into the main-TENG by the flying capacitor. Still, if the
capacitance is small enough, the amount of charge pumped each time
will also decrease. As shown in Fig. 9, the time for charge to reach dy
namic saturation under different flying capacitor was tested. As the
value of flying capacitor increases, so does the amount of charge
transferred in each cycle of the main-TENG, and the speed of charge
transfer gradually increases. The transfer speed reaches the maximum
when the flying capacitor is 100 pF, and it spends 120 s to reach the
main-TENG charge. When the charge approaches saturation, the
capacitance value of the flying capacitor continues to increase. Due to
the capacitance matching, the charge transferred from the flying
capacitor to the main-TENG gradually decreases, and most charge is
stored in the flying capacitor. Therefore, as the capacitance continues to
increase, the speed of charge transfer gradually decreases.
In the above experiments, the values of buffer capacitance and flying
capacitor in the circuit are determined by testing the maximum pumping
charge and the shortest pumping time. However, The saturated charge
output will continue to drift upward due to air breakdown, as shown in
Fig. 10a. Fig. 10b depicts the initial and final charge accumulation
process. In order to avoid the effects of air breakdown, the voltage at
both ends of the main-TENG is stabilized at a certain value. It connects
Several Zener diodes are connected in parallel at both ends, the influ
ence of the number of Zener diodes on the output charge is also
explored, as shown in Fig. 10c, with increasing the number of Zener
diodes, the amount of transferred dynamic charge first increases and
then decreases. The reason is that as the number of Zener diodes in
creases, the stabilized voltage gradually increases. However, due to the
large loss of the Zener diodes used, when there are more than three
Zener diodes, not only there is no voltage stabilizing effect, but the
amount of charge transferred will also be reduced due to loss. Finally,
determined to choose three Zener diodes to keep the voltage stable and
the output charge reaches a maximum value, showns in Fig. 11. And the
output charge under one and two Zener diode showns in Fig. S2(a)-(b).
Fig. 11a depicts the amount of charge is transferred by three Zener di
odes, which gradually keep stable after reaching the maximum value.
Fig. 11b depicts the charge amplification output at the beginning and
ending with the use of three Zener diodes.

Fig. 9. The time for CH-TENG to transferred charge to saturation under
different flying capacitances.

input excitation value is constant, the larger the buffer capacitance value
is, the longer the charging time will be, but the final charge transferred
by the main-TENG will not change significantly. Finally, a 6.8 nF buffer
capacitor is used for subsequent performance measurement experiments
to achieve the fastest charging time. Fig. 8b illustrates that the buffer the
graph of the buffer charge with the voltage of the voltage source when a
6.8 nF buffer capacitor is used. The buffer charge at the beginning rises
linearly with the increase of the voltage and then tends to be saturated.
After determining the maximum transferred charge and buffer
capacitance were determined in the above experiments. When the
pump-TENG input is fixed, another key issue is the saturation time for
main-TENG to reach its maximum output. The flight flying capacitor and

5. Demonstration
After determining the circuit parameters, Fig. 12 illustrates the
voltage and current output at 1.5 Hz and a zoomed-in end view. The
output current is 75 μA and the output voltage is about 1200 V. As
voltage does not change with frequency, but frequency affects the output

Fig. 10. (a) The dynamic charge output of CH-TENG in the absence of zener diodes. (b) Enlarged view of charge accumulation curves, initial values (up), and
saturation values (down). (c) Influence of a different number of Zener diodes on pumped charge.
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Fig. 11. (a) The dynamic charge output of CH-TENG is in the case of zener diode. (b) Enlarged view of charge accumulation curves, initial values (up), and saturation
values (down).

Fig. 12. (a) The CH-TENG output current. (b) The CH-TENG output voltage.

Fig. 13. Integrated equivalent circuit diagram for powering electronic equipment.

current. The changes of current at 0.5, 1.0, 2.0 and 2.5 Hz are shown in
Fig. S3.
Besides, since CH-TENG produces an output of alternating current
(AC), the output is converted to direct current through a full-bridge
rectifier circuit and power the load device, as shown in Fig. 13. In
addition, the peak power output of the CH-TENG operating at different
load resistances at 1.5 Hz is also measured. When choosing a matching
resistor of 10 MΩ, the peak power reaches 27 mW, as shown in Fig. 14a.
Fig. 14b presents the time-dependent changes of capacitor voltage when
CH-TENG charges different capacitors.
In addition, the CH-TENG lights up 320 LEDs, as shown in Fig. 15a
(i)-(ii) and Supporting Video 1. Moreover, the commercial performance

of CH-TENG is demonstrated in Fig. 15b(i). The commercial hygro
thermograph can be powered normally in the simulated wind speed of 6
m/s wind environment. The specific working process is demonstrated in
Supporting Video 2. Fig. 15b(ii) illustrates the voltage change process of
the capacitor supplying power to the sensor. The CH-TENG charges 220
μF external capacitor to 3.0 V, the voltage is stabilized at 1.26 V when
power is supplied, and the hygrothermograph is continuously and stably
powered.
6. Conclusions
In this work, a high-performance output of the CH-TENG is proposed,
8
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Fig. 14. (a) Output current and output power of the CH-TENG operating at different loads. (b) Charging curves for different external capacitors.

Fig. 15. (a) (i)-(ii) The CH-TENG lights up about 320 light-emitting diode (LED) lights in the wind environment. (b) (i) the CH-TENG lights up the hygrothermograph
in the wind environment; (ii) voltage curve of load capacitor supplying power to the hygrothermograph.

for efficient harvesting of wind energy in conventional environments,
which illustrates good application prospects. Transferring the charge
through the charge handling module to achieve high-performance
output. This method introduces two charge transfer mechanisms, one
for the flying capacitor to pump the output charge of the pump-TENG,
and the other is used for charge transfer between main-TENG
discharge and buffer capacitance. The mechanical switch is matched
with the TENG contact-separation movement, which solves the prob
lems of rapid charge injection and prevention of charge backflow. By
constructing the equivalent variable capacitance model of the TENG, it
is matched with the flying capacitor and buffer capacitor. Finally, the
CH-TENG can generate 1200 V, 75 μA, 0.8 μC, and 27 mW under the
frequency of 1.5 Hz. And the hygrothermograph can be stably powered

in the simulated wind environment. The CH-TENG adopts charge pro
cessing circuit to deal with accumulated charge, which significantly
improves the output performance of TENG in wind environment.
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