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electricity, enabling self-powered systems 
that can be completely free of mainte-
nance.[3] Compared to other energy har-
vesting techniques, the TENG has merits 
of low cost, versatile choices of materials 
and structures, light weight, and superi-
ority in low-frequency energy harvesting.[4] 
Since its invention in 2012, enormous pro-
gresses have been made for demonstrating 
its potential application in self-powered 
sensing, micro/nanopower, blue energy 
harvesting, and high-voltage power.[5] 
Further development of the TENG relies 
greatly on the enhancement of the output 
power, which is highly dependent on the 
density of surface charges created by con-
tact electrification.[6]

Generally, the charge density is mainly 
affected by material property, device struc-
ture, and environment condition, and 
couples tightly with the interfacial fric-
tion.[7] Hence violent friction is always 

needed for generating high charge density, which can cause 
severe abrasion and heat generation. Recently, through mate-
rial  optimization, corona charging, and suppressing air break-
down, the charge density was gradually improved, and reached 
1003 µC m−2 in a high vacuum condition for a contact-separa-
tion mode TENG.[7c,8] However, a series of problems arise with 
these approaches, such as complicated fabrication process, 
strict environment requirement, or poor stability. In 2018, the 
emergence of charge pumping mechanism provides a new 
strategy to improve the charge density, achieving 1020 µC m−2 
in ambient conditions.[9] The charge pumping mechanism is 
based on a floating conductive layer and injected bound charges 
from a charge pump, which can decouple the charge density 
and the intensity of friction. So far, the charge pumping mecha-
nism is only realized for the contact-separation mode TENG. 
For other types of TENGs, whether the charge pumping mecha-
nism can be available is still unknown. The rotary sliding TENG 
is a high performance design among TENG structures and is 
more adaptive to many forms of mechanical agitations.[5b,10] 
Thus, a realization of rotary charge pumping mechanism is 
very important for developing high performance TENGs toward 
practical applications.

In this work, a charge pumping strategy for rotation and 
sliding type TENG is demonstrated for the first time to 
boost the output performance. An as-fabricated rotary charge 
pumping triboelectric nanogenerator (RC-TENG) adopts a 
novel synchronous rotation structure that allows direct injec-
tion of bound charges from the pumping TENG to the main 
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1. Introduction

The rapid development of internet of things, sensor networks, 
and wearable electronics imposes great importance on the 
facility and reliability of power supply.[1] The widely adopted bat-
tery is tethered by replacement and recharging, and its lifecycle 
is unfriendly to the environment.[2] As an alternative choice, tri-
boelectric nanogenerators (TENGs), which are based on contact 
electrification and electrostatic induction, provide a promising 
approach by harvesting local mechanical energy to generate 
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TENG. With ultrafast accumulation of bound charges that can 
saturate in less than 1 s, the charge density is greatly boosted in 
ambient conditions, achieving an enhancement by a factor of 
9 compared with normal TENGs. Moreover, the expandability 
of the RC-TENG enables multiple main TENGs charged by 
the pumping TENG simultaneously. With four main TENGs 
integrated, an ultrahigh maximum peak power of 658  mW 
and average power of 225  mW can be delivered under a low 
drive frequency of 2 Hz. Decoupling of surface charge genera-
tion and the severity of friction by the charge pumping strategy 
 enables lubricants to be applied to enhance the durability. The 
successful combination of charge pumping mechanism with 
rotation and sliding type TENGs provides an ideal solution 

to the bottleneck of power output for mechanical energy har-
vesting in low-frequency range, and should have great impact 
on high-power TENG design and practical applications in var-
ious fields.

2. Results and Discussion

2.1. Device Structure and Working Principle

Figure  1a schematically shows the structure of the RC-TENG. 
The device is an integration of two major parts: pumping 
TENG and main TENG, each of which has two disks that act 
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Figure 1. Structure and working principle of the rotary charge pumping triboelectric nanogenerator (RC-TENG). a) Schematic explosive view for the 
structure and materials of the RC-TENG. b) Photographs of the i) rotator and ii) the stator of the pumping TENG, iii) the rotator and iv) the stator 
of the main TENG. Scale bar, 5 cm. c) Schematic for circuit connection of the RC-TENG. d) i–iv) Working principle of the pumping TENG, and v–viii) 
working principle of the main TENG when the injected bound charges on Es reaches saturation. The Zener diode is not shown here. e) Typical short-
circuit current and transferred charges of the device when four main TENGs are supplied by one pair of pumping TENGs.
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as the rotator and the stator, respectively. Three types of func-
tional electrodes are designed on such disks, namely electrodes 
of the pumping TENG (Ep) for supplying bound charges to the 
main TENG, electrodes for storing bound charges (Es) on the 
rotator of the main TENG, and electrodes for electric energy 
output (Eo) on the stator of the main TENG. Here, Ep and Es are 
connected by a rectifier whose direct current (DC) terminal is 
wired to Es. For normal rotary TENGs, the electrode is usually 
arranged on the stator to avoid wire-twisting problems. In con-
trary, an inversion structure is adopted here to allow the disk of 
Ep to rotate, and the rotator disks of the pumping TENG and 
the main TENG are assembled together by a group of shafts 
to form the total rotator of the whole device. In this arrange-
ment, Ep and Es, together with the rectifier, can rotate in a novel 
synchronous mode. Charges from Ep of the pumping TENG 
can be effectively injected into Es of the main TENG based on 
this facile and robust configuration without an extra brush and 
slip ring. Moreover, the design is easy for expanding, as shown 
in Figure S1 (Supporting Information). With multiple main 
TENGs supplied by the pumping TENG, the output can be fur-
ther boosted.

The detailed structure of the pumping TENG is similar to the 
normal rotary TENG except the inversion configuration.[5b,10a] For 
the rotator of the pumping TENG, a pair of Ep electrodes with 
complementary sectors are coated on a round epoxy glass fiber 
sheet through printed circuit board (PCB) techniques. For the 
stator, four sector-shaped polytetrafluoroethylene (PTFE) films are 
placed concentrically and uniformly on a round acrylic substrate. 
The sponge under the PTFE film ensures good contact between 
the rotator and the stator. All of the sectors have the same central 
angel of about 45° for periodical output. Moreover, the rotator 
disk of the pumping TENG can be coated with Ep electrodes 
on both sides, forming a pair of pumping TENGs with an extra 
stator disk, as shown in Figure S1 (Supporting Information).

As for the main TENG, a pair of Es electrodes and another 
pair of Eo electrodes are fabricated on the rotator and the stator, 
respectively, which have the same pattern of 48 complementary 
sectors with a central angel of about 7.5°. A layer of kapton film 
is adopted for insulation between the rotator and the stator of 
the main TENG. As charged Es will induce a high electric field, 
adhering the kapton film on the rotator could lead to excessive 
surface polarization on the film due to its relative static state 
to the Es electrodes, which would further cause output attenu-
ation by shielding the opposite bound charges in Es. Thus, the 
kapton film is adhered on the stator, and the electric field from 
Es on each area of the kapton film is alternating due to rela-
tive rotation, suppressing excessive surface polarization of the 
dielectric film. Photographs of the fabricated rotators and sta-
tors are shown in Figure 1b.

Figure  1c schematically demonstrates the fundamental cir-
cuit connection of the RC-TENG by a partial cross sectional 
view. The shown rectifier is used to convert alternate current 
(AC) output of Ep1 and Ep2 to DC signal, injecting positive and 
negative charges into Es1 and Es2, respectively. However, too 
much accumulated charges could lead to dielectric breakdown 
between Es1 and Es2, thus a Zener diode is applied to stabilize 
the voltage and provide a leakage channel for excessive charges. 
Eo1 and Eo2 on the stator of the main TENG are connected to 
the load to output generated electricity.

Figure  1d illustrates the detailed working principle of the 
RC-TENG. The pumping TENG roughly operates like a normal 
rotary sliding TENG,[5b,10a] where the coated Cu layer on the 
rotator acts as both triboelectric layer and inductive electrodes 
(Figure  1di–iv). During rotational sliding, the PTFE films 
are negatively charged due to triboelectrification, and corre-
sponding positive charges in the Cu layer will always follow 
the motion of the PTFE films to screen the potential differ-
ence. The induced periodically transferred charges between Ep1 
and Ep2 produce AC output to the rectifier, which converts the 
output to a DC form for continuously injecting charges to Es of 
the main TENG. More specifically, positive charges are injected 
into Es1 and negative charges are injected into Es2. Charges are 
accumulated during time in Es until reaching a balance with 
the leakage through the Zener diode (not shown in this figure). 
The bound charges in Es1 or Es2 will induce opposite charges 
in the underlying output electrodes. With the rotational sliding 
of Es, the induced charges in Eo will also follow the motion 
of the bound charges in Es. Thus periodically transferring of 
charges can occur between Eo1 and Eo2, generating AC current 
in the connected load (Figure  1dv–viii). Actually, the mecha-
nism shown here is also valid for the linear sliding type TENG, 
where the two parts will have relative motion in reciprocating 
mode, providing a universal charge pumping strategy for rota-
tion and sliding type TENGs.

The charge pumping mechanism enables decoupling of 
bound charge generation and the severity of interfacial friction 
in the main TENG, and the temporal accumulating strategy 
imposes fewer requirements on the output of the pumping 
TENG, where smaller output can be compensated by longer 
time to reach the saturation level. In this way, the density of 
bound charges can be greatly enhanced and is only subjected 
to the dielectric strength of the system (if the protection Zener 
diode is not considered). Thus the output of the TENG can 
be further boosted. Moreover, through decoupling of surface 
charge generation and the severity of friction, the strategy ena-
bles less friction in the sliding interface and using lubricant in 
the main TENG, which can lower heat generation and suppress 
abrasion, improving the durability of the device.

Figure  1e shows typical short-circuit current (Isc) and trans-
ferred charges (ΔQ) of the RC-TENG when four main TENGs 
are supplied by one pair of pumping TENGs under a low drive 
frequency of 2  Hz. The Isc and ΔQ reach 1.6  mA and 15 µC, 
respectively. Considering the ΔQ of previous rotary TENGs is 
normally less than 1 µC for one TENG,[5b,10a] the boosted output 
of the RC-TENG represents a great advance toward practical 
high-power applications based on new mechanisms.

2.2. Performance Characterization

Generally, the injection of charges into Es of the main TENG is 
similar to charging a capacitor, though the capacitance between 
Es1 and Es2 should vary slightly during relative motion with Eo.[11]  
For higher voltage between Es1 and Es2, more charges will be 
bound in Es and better output can be expected. To accurately 
characterize the performance of the main TENG with injected 
charges at certain voltage, a commercial voltage source was 
applied first to provide a controllable and stable voltage 
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between Es1 and Es2, instead of the pumping TENG (Figure 2a). 
Figure 2b shows the ΔQ and Isc of the main TENG when the 
applied voltage varies from 100 to 1000 V. The ΔQ and Isc pre-
sent an approximately linear growth, from 0.4 to 4.8 µC and 
from 0.04 to 0.5  mA, respectively. The above results clearly 
show that higher voltage leads to higher output. However, too 
high a voltage will cause breakdown of the dielectrics, inducing 
sudden release of bound charges and the working state of the 
device can be very unstable. Thus, a trade-off is needed and the 
voltage should be controlled to saturate at a reasonable level 
with the Zener diode for the RC-TENG.

Figure 2c,d shows the dependence of the peak current, peak 
voltage, and output power of the main TENG on different resist-
ances when a voltage of 1000 V is maintained on Es. With load 
resistance increasing, the peak current decreases as a result 
of ohmic loss. Under high loads of dozens of megaohms, the 
output voltage attains about 740 V. A maximum average power 
of 64 mW can be achieved under a resistance of about 1 MΩ. 
The average power, which can reflect the continuous powering 
capability of the device, is calculated according to the following 
equation

P
I R t

T

T
d

ave

2

0∫
=  (1)

where I is the output current, T is the period, and R is the load. 
Figure S2 (Supporting Information) shows the decay of ΔQ and 
Isc of the main TENG when the voltage (1000  V) supplied by 
the voltage source is removed. Both the Isc and ΔQ decay to 
almost zero in 5 s, showing leakage of the bound charges in the 
system. The exposed Cu electrodes on the rotator may be the 

reason for the leakage. When the voltage on the exposed elec-
trodes is maintained at a high level, charge transfer from the 
exposed electrodes to the dielectric film in contact can occur, 
resulting in the leakage of the bound charges in the electrodes. 
Therefore, the performance of the device could be further 
enhanced by suppressing the leakage in the future.

As the source of bound charges in practical devices, the 
performance of the pumping TENG is important for the RC-
TENG. More specifically, the transferred charges dictates the 
rate of injecting charges under certain rotation speed, and the 
open-circuit voltage affects whether the voltage in Es can be 
charged high enough. In the experiments here, one rotator 
with Ep electrodes on both sides and two symmetrically placed 
 stators form a pair of pumping TENGs, whose outputs are par-
allel connected to supply bound charges for the main TENG 
(Figure S1, Supporting Information).

The output performance of the pair of pumping TENGs is 
characterized, as shown in Figure 3. Figure 3a presents ΔQ and 
Isc of the parallel-connected pumping TENGs under drive fre-
quencies ranging from 0.67 to 2.33  Hz. The ΔQ keeps stable 
around 1 µC, and the Isc increases linearly from 6.7 to 25.0 µA 
with rising drive frequencies owing to the relation I  = dQ/dt. 
Figure 3b–d presents detailed curves of the open-circuit voltage 
(Voc), ΔQ, and Isc of the pair of pumping TENGs under a low 
drive frequency of about 2  Hz, respectively. The peak-to-peak 
value of Voc is 5.5  kV, which is capable to pump charges to 
the Es until a high voltage. The peak values of ΔQ and Isc for 
two pumping TENGs are 1.08 µC and 20 µA respectively. The 
frequency of the electrical output is several times of the drive 
frequency due to the radial grating structure of the rotator and 
stator.[5b,10a] The sector number of the pumping TENG affects 
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Figure 2. Output performance of the main TENG charged by a voltage source. a) Schematic for circuit connection of the testing. b) The transferred 
charges and short-circuit current of the main TENG when different voltages are applied. c) The peak current and peak voltage when various resistances 
are connected to the main TENG. d) The average power of the main TENG with various resistances. (b–d) were tested under a drive frequency of 2 Hz. 
(c,d) were tested when 1000 V are maintained on storing electrodes of the rotator by the voltage source.
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the charge injection from two different aspects: the amount of 
transferred charges and the output voltage. With more sectors, 
more charges can be output from the pumping TENG in one 
round of rotation which can accelerate the charge injection, and 
the voltage of the pumping TENG should be decreased which 
will reduce the output of the main TENG if the voltage is lower 
than the stabilizing voltage of the Zener diode.

With the injected bound charges from the pair of pumping 
TENGs, the output performance of the RC-TENG incorporating 
one main TENG (noted as RC-TENG(1-M)) is investigated. A 
Zener diode was chosen to control the voltage of Es at a rea-
sonable level just under the threshold breakdown voltage of 
the main TENG to maximize the output. Figure 4a shows the  
ΔQ and Isc of the RC-TENG(1-M) under different drive frequen-
cies. The Isc presents linear relationship with the drive fre-
quency, while ΔQ has a slight enhancement. Figure 4b presents 
the charging time of the RC-TENG(1-M) under different drive 
frequencies. Here, the charging time is defined as the time 
needed to reach 80% of the maximum value of ΔQ from zero, 
as shown in Figure S3 (Supporting Information). Higher drive 
frequencies can effectively shorten the charging time, which is 
less than 0.3 s under a drive frequency of 2 Hz.

The detailed curves of ΔQ and Isc for the RC-TENG(1-M) 
with a drive frequency of 2 Hz are shown in Figure 4c,d respec-
tively, and the enlarged view from the beginning is presented 
in Figure S4 (Supporting Information). The ΔQ and Isc both 
increase fast from zero and saturate in about 0.5 s. The ΔQ can 
reach 4.5 µC, and such high transferred charges enable a large 
Isc of 0.47  mA under a low drive frequency. A normal rotary 
sliding TENG with similar structure was also fabricated for com-
parison, as shown in Figure S5 (Supporting Information). The 
normal TENG under the same agitation frequency and contact 

area can achieve transferred charges of 0.5 µC (Figure S6,  
Supporting Information), which indicates that the charge 
density in the main TENG is boosted by nine times. Table S1 
(Supporting Information) further compares the output of the 
RC-TENG(1-M) and typical rotary sliding TENGs reported 
previously.[5b,10a] For traditional rotary sliding TENGs, higher 
drive frequencies or more sectors are demanded for larger cur-
rent output due to poor transferred charges, which are nor-
mally less than 1 µC. The RC-TENG shows greatly boosted 
charge output, ready for high performance energy harvesting 
and practical applications.

A comparison between the injected charges from the 
pumping TENGs and the total output charges of the main 
TENG in the initial 1 s is shown in Figure 4e. A small amount 
of injected charges of 3.4 µC produce high total output charges 
of about 300 µC for the RC-TENG(1-M), demonstrating the 
superiority of applying charge pumping mechanism in rotary 
sliding TENGs. Figure  4f shows the average power of the  
RC-TENG(1-M) under different resistances. A maximum 
average power of 78 mW can be achieved under a low drive fre-
quency of 2  Hz, which corresponds to an average power den-
sity of 1.66  kW m−3, considering each main TENG occupies 
a volume of about 47.1 cm3 (Due to that the electrode can be 
coated on both sides, the thickness of each main TENG is esti-
mated as 1.5 mm). Because the power output is highly relied on 
the drive frequency and the grating number of the electrode, 
to evaluate the power enhancement, the power of the normal 
rotary TENG with similar structure and agitation frequency 
was tested (Figure S5, Supporting Information), and an average 
power of 5 mW can be obtained (Figure S7, Supporting Infor-
mation). Hence the main TENG is demonstrated to enhance the 
average power by a factor of about 15 compared with the normal 
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Figure 3. Output performance of one pair of parallel-connected pumping TENGs. a) The transferred charges and short-circuit current of the pumping 
TENGs under different drive frequencies. The curves for b) open-circuit voltage, c) transferred charges, and d) short-circuit current of the pumping 
TENGs under a drive frequency of 2 Hz.
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TENG. Besides, although the device is driven by regular agita-
tions for characterization here, it can also harvest energy from 
irregular sources with high performance based on the reliability 
of the mechanical structure and the fast saturation capability.

Even higher output can be realized by a compact structure 
of integrating more parallel-connected main TENGs in the 
device, as shown in Figure S1 (Supporting Information). The 
output performance of the RC-TENG(4-M) consisting of four 
main TENGs (marked with a, b, c,d) and a pair of pumping 
TENGs (marked with a′,b′) is characterized (Video S1, Sup-
porting Information). Figure  5a presents the ΔQ and Isc of 
each main TENG in the RC-TENG(4-M). An average ΔQ of 
4.6 µC and Isc of 0.5 mA are obtained, respectively. Figure 5b 
shows the ΔQ and Isc for different numbers of main TENGs 
connected in parallel. With more main TENGs, the ΔQ and Isc 
increase almost linearly, and attain 15 µC and 1.6 mA, respec-
tively for four main TENGs. The dependence of charging 
time on the number of main TENGs is shown in Figure  5c, 

and linear relationship can be observed. Only 1.3 s are needed 
to reach 80% of maximum transferred charges for four main 
TENGs, demonstrating fast saturation even with a large 
number of main TENGs.

Figure  5d presents the peak current, peak power, and 
average power of the RC-TENG(4-M) under loads of different 
resistances. The maximum peak power and average power are 
boosted to 658 and 225 mW, respectively, with a low matched 
resistance of about 500 kΩ. To further demonstrate the high 
output performance of the RC-TENG(4-M), two large capacitors 
are charged by the device with rectification, and the charging 
curves are shown in Figure 5e. The large capacitor of 1 mF can 
be fast charged to 6 V in 6.0 s from the initial state when no 
bound charges exist in the main TENGs. Thus the charging 
rate should be even higher when the main TENGs reach satu-
rated level.

The exceptionally high output of the RC-TENG can be 
directly adopted to drive high-power electronic devices, which 
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Figure 4. Output performance of one main TENG charged by a single pair of pumping TENGs. a) The transferred charges and short-circuit current 
of the RC-TENG(1-M) under different drive frequencies. b) The charging time of one main TENG under different drive frequencies. The curves for  
c) transferred charges and d) short-circuit current of the RC-TENG(1-M). e) The injected charges from the pumping TENGs and the total output charges 
of the main TENG in 1 s. Inset shows enlarged view of the injected charges of the pumping TENGs. f) The average power of the RC-TENG(1-M) under 
various resistances. The drive frequency is 2 Hz unless otherwise specified.
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used to be a tough task for normal TENGs under low agitation 
frequencies. As an intuitive demonstration, three large com-
mercial light bulbs (rated power 2 W for each bulb) connected 
in series are powered by the RC-TENG(4-M) (Figure  5f,g and 
Video S2, Supporting Information). The light of the bulbs is 
strong enough for reading in complete darkness. Figure  5h 
presents another setup for the RC-TENG(4-M) to power a 
light emitting diode (LED) array, which consists of 16 LED 
lamps with 24 LED beads in each lamp, as shown in the inset 
of Figure  5h. Figure  5i and Video S3 (Supporting Informa-
tion) present the lighted LED array and the printed text is 
fully illuminated. Adopting a parallel capacitor, the RC-TENG 
can supply power to electronics with nearly direct current 
output.[12] Such high output of the RC-TENG can be applied 
for various self-powered systems with greatly enhanced perfor-
mance and large-scale environment energy harvesting, such as 
blue energy.[3d,e]

3. Conclusions

In this work, a charge pumping strategy for rotation and 
sliding type TENGs is demonstrated for the first time to 
boost the output performance, enabling decoupling of bound 
charge generation and the severity of interfacial friction. The 
as-fabricated RC-TENG adopts a novel synchronous rotation 
strategy which allows direct injection of bound charges from 
the pumping TENG to the main TENG for greatly enhancing 
the charge density. High transferred charges of about 4.5 µC 
for single main TENG is achieved in ambient conditions, and 
the average power is boosted for more than 15 times compared 
with normal TENGs, achieving an ultrahigh power density of 
1.66 kW m−3, under a low drive frequency of 2 Hz. Moreover, 
the performance of the RC-TENG can be further enhanced 
by compactly integrating multiple main TENGs due to its 
excellent expandability. With four main TENGs integrated, 
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Figure 5. Output performance of four main TENGs charged by a single pair of pumping TENGs. a) The transferred charges and short-circuit current 
of each main TENG. b) The transferred charges and short-circuit current of different numbers of parallel-connected main TENGs. c) The charging time 
for different numbers of parallel-connected main TENGs. d) Dependence of the peak current, peak power, and average power of the RC-TENG(4-M) on 
different resistances. e) The voltage of the capacitors charged by the RC-TENG(4-M). Inset shows the circuit diagram. f) Setup of the RC-TENG(4-M) 
powering three large light bulbs. g) Three large bulbs are directly lighted by the RC-TENG(4-M). h) Setup of the RC-TENG(4-M) powering a LED array. 
Enlarged photograph shows a single LED lamp. i) The LED array is directly powered by the RC-TENG(4-M). Enlarged photograph shows that the printed 
text is illuminated by the LED array. Drive frequency, 2 Hz; scale bar, 5 cm.
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an  ultrahigh maximum peak power of 658  mW and average 
power of 225 mW can be delivered under 2 Hz driving. Mean-
while, the charge pumping mechanism enables decoupling of 
bound charge generation and the severity of interfacial friction 
in the main TENG, allowing surface lubricants to be applied 
for suppressing abrasion and lowering heat generation. The 
adaptability of the strategy to rotation and sliding type TENGs 
in low-frequency agitations provides an ideal solution to 
break through the bottleneck of power output for mechanical 
energy harvesting, and could pave the way toward high-power 
self-powered systems and large-scale environment energy 
harvesting.

4. Experimental Section
Fabrication of the Main TENG: The substrates of both the stator and 

rotator were epoxy glass fiber sheets (1  mm in thickness). Electrode 
layers of copper (35  µm in thickness) with complementary sectors 
(48 sectors in all) that have the same central angle of about 7.5° were 
coated on the substrate through PCB techniques. For the stator, a layer 
of kapton film (50 µm in thickness) was adhered on the side facing the 
rotator for insulation, and an acrylic sheet (4  mm in thickness) was 
applied for reinforcing the substrate, which can be removed in large-
scale integration. Then, a thin layer of boron nitride lubricant (LRA-15) 
was sprayed on the rotator to reduce friction.

Fabrication of the Pumping TENG: For the rotator, electrode layers of 
copper (35 µm in thickness) with complementary sectors (eight sectors 
in all) that have the same central angle of about 45° were coated on both 
sides of a round epoxy glass fiber sheet (1  mm in thickness) through 
PCB techniques. For the stator, an acrylic sheet (4 mm in thickness) was 
shaped by a laser cutter (PLS6.75). Four sector-shaped sponges (5 mm 
in thickness) were adhered concentrically and uniformly on the acrylic as 
a buffer. Then, a layer of PTFE film (80 µm in thickness) was adhered on 
each sponge as the triboelectric layer.

Integration of the Pumping TENG and the Main TENG: All the 
stators had a diameter of 22 cm with a center hole of 3.5 cm, and all 
the rotators had a diameter of 20  cm. Through holes of 3  mm were 
drilled on the edge of the stators for connection by bolts and spacers. 
Similarly, through holes were drilled around the center of the rotators, 
four of which were used for assembling the rotators by four shafts 
with spacers, and the spare through holes were applied for the wires 
and the rectifier to connect electrodes on the rotators of the pumping 
TENG and the main TENG. In this arrangement, the total rotator of 
the whole device will have no interference with the stator in rotation. 
A Zener diode (BYV26E) was adopted in the device to stabilize the 
voltage.

Characterization: The transferred charges and the current were 
measured by an electrometer (Keithley 6514). The data were collected 
by a data acquisition card (NI PCI-6259) and a LabVIEW program. 
The open-circuit voltage of the pumping TENG was measured by an 
electrostatic voltmeter (Trek 347). A high-voltage DC power supply 
(DW-P303-1ACF0) was used for the supply of a stable voltage. The 
amount of injected charges from the pumping TENG was measured 
by an electrometer connected in series with the rectifier (Figure S8, 
Supporting Information). The rotator of the TENG was driven by a 
motor (6IK200GU-S3/SF) and the rotation speed was directly read from 
the controller (Taili US).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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