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ABSTRACT: The practical application of rotating triboelectric
nanogenerators is often limited by the wear of high-friction
surface materials and low surface charge density. In addition
to the charge pump replenishment strategy, suppressing
charge decay is also crucial for increasing surface charge
density. Here, we present a high performance rotary
triboelectric nanogenerator (HPR-TENG) based on a coplanar
charge pumping strategy and polyvinyl chloride (PVC) film. It
has been demonstrated that applying PVC film to the surface
of the storage electrode of the main TENG (M-TENG)
significantly enhances the M-TENG'’s output performance.
Furthermore, the HPR-TENG with three layers of PVC film
pasted achieved the best output performance, with a peak-to-
peak output voltage of 2828 V, a peak-to-peak output current
of 327 pA and a charge transfer of 0.81 pC at 500 rpm. In
addition, the output improvement effects of different materials
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are ranked. the TENG with 3 layers of PVC film pasted on it has a maximum output power of 748 mW at a load resistance
of 4 x 10° Q. HPR-TENG’s output performance remains consistent after 100,000 cycles, which shows excellent stability.
The excellent electrical performance of the HPR-TENG can be used as the energy supply for the tip high-voltage
breakdown sensor system, which can achieve 14 breakdowns in 10 s. Due to its extraordinary electrical performance, HPR-
TENG can not only serve as an energy supply for cutting-edge high-voltage breakdown sensor systems, but also has the
potential to serve as an energy supply for high-pressure sterilization, high-pressure vacuum and water electrolysis.

KEYWORDS: triboelectric nanogenerator, coplanar charge pump, enhancing charge density, suppressing charge decay,

polyvinyl chloride (PVC) film

1 Introduction

In the era of the Internet of Things (IoT) and artificial intelligence,
distributed and low-power sensors are increasingly being used to
collect information [1-3]. Most sensor nodes in IoT are powered by
batteries, which have limited lifetimes and can cause environmental
pollution [4]. Therefore, researchers are exploring sustainable and
green energy sources, such as solar and wind energy, as
supplements or alternatives. Triboelectric nanogenerators (TENGs),
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based on contact electrification and electrostatic induction, provide
a promising approach as an alternative [4—6]. Since the invention of
TENGs by Wang et al. in 2012 [7], TENGs have become a focal
point of research due to their enormous potential for next-
generation energy solutions [5, 8-10]. TENGs offer advantages
such as low cost, maintenance-free operation, diverse material
selection, flexible structures and environmental friendliness. TENGs
have potential applications in self-powered sensing and high-
voltage power supply and have made significant progress in these
areas.

However, TENGs still face some challenges, such as low surface
charge density [11, 12] and damage forces caused by contact
electrification and surface friction. To improve the output
performance of TENGs, previous studies have mainly focused on
structural design [13-16], material optimization [17], surface
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modification [18, 19], and environmental control [20]. By
encapsulating in vacuum, Wang et al. [21] achieved an ultras-high
charge density of 1003 pC-m™ but this not only posed significant
challenges to device manufacturing but also deviated from practical
applications. In recent years, emerging contact separation charge
pump technologies [12, 22—-24] has been proven to effectively break
through the bottleneck of enhancing charge density. It can rapidly
accumulate surface charge density to saturation and maintain it in a
high charge density state, thereby improving output performance.
Xu et al. [24] first used a charge pump to increase the charge
density to 1020 pC-m™ in 2018. In 2020, Wang et al. [25] designed a
contact separation charge pump that increased the charge density
to 1850 uC-m™. Although these works have improved output, the
problem of surface damage caused by friction still exists, which
greatly limits the application of TENG. The non-contact mode
TENG has durability due to its zero-friction loss [26]. Lin et al. [27]
fabricated a soft contact TENG with high durability, but it has a low
surface charge density of 10 pC-m™ Achieving high output while
possessing the high durability of TENG remains a challenge. Lv et
al. [22] proposed a coplanar charge pump soft contact TENG that
combines high output performance and durability, with a charge
density of up to 74.62 pC-m™ However, its frictional contact area is
relatively large and the charge density still needs to be improved. In
addition, there are currently few reports on how to reduce charge
dissipation and maintain it in a high charge density state.

In this work, a high performance rotary TENG (HPR-TENG)
based on a coplanar charge pumping strategy and polyvinyl
chloride (PVC) film is developed. It has been proved by tests that
pasting PVC film on the surface of the storage electrode of the main
TENG (M-TENG) can enhance the output performance of the M-
TENG more effectively. Pasting PVC film on the surface of the
storage electrode not only raises the electrode storage threshold, but
also acts as an insulator. The coplanar design of the pumping
TENG (P-TENG) and M-TENG of the HPR-TENG greatly reduces
the complexity of structural design. The P-TENG uses a wool-based
self-compensating power strategy that greatly improves output
performance. The HPR-TENG makes soft contact with just wool
during rotation, greatly reducing frictional resistance. Moreover,
pasting different friction materials has different effects on the charge
storage capacity enhancement of the electrodes. The HPR-TENG
with three layers of PVC film pasted on it achieved the best output
performance, with a peak-to-peak output voltage of 2828 V,
a peak-to-peak output current of 327 pA and a charge transfer of
0.81 uC at 500 rpm. Also, the lifting effects of different materials are
ranked. the TENG with 3 layers of PVC film pasted on it has a
maximum output power of 748 mW at a load resistance of 4 x
10° Q. HPR-TENG’s output performance remains consistent after
100,000 cycles, which shows excellent stability. The excellent
electrical performance of the HPR-TENG can be used as the energy
supply for the tip high-voltage breakdown sensor system, which can
achieve 14 breakdowns in 10 s. Due to its extraordinary electrical
performance, HPR-TENG can not only serve as an energy supply
for cutting-edge high-voltage breakdown sensor systems, but also
has the potential to serve as an energy supply for high-pressure
sterilization, high-pressure vacuum and water electrolysis.

2 Results and discussion

2.1 Structural design and working principle
The HPR-TENG is uniquely designed with only the wool part in
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contact, significantly reducing friction resistance during operation.
Figure 1(a) depicts the fundamental structure of the HPR-TENG,
which comprises upper and lower pole plates. Each pole plate is
divided into an inner central region and an outer annular region.
The inner central region functions as a P-TENG, while the outer
annular region serves as an M-TENG. The upper pole plate consists
of the plate, electrodes and polytetrafluoroethylene (PTFE), while
the lower pole plate includes PVC, wool, electrodes and a plate.
Notably, the coplanar design of the P-TENG and M-TENG ensures
synchronized rotation, simplifying the overall structure. On the
upper pole plate, PTFE, as the negative friction material for P-
TENG, is affixed at equal intervals within the inner central region.
The outer annular region is subdivided into 20 equal sections, each
containing output electrodes that are electrically connected by
color. Conversely, the lower pole plate’s inner central region
contains P-TENG output electrodes spaced equally in eight small
sections, with regions of the same color electrically connected. Wool
is placed between the electrodes as a supplementary material for P-
TENG. The outer annular region is similarly divided into
20 sections, all containing electrodes, but with PVC material applied
to the surface, enhancing the HPR-TENG’s output performance
and insulation. The principle of PVC material to enhance the
performance of HPR-TENG is demonstrated in Fig. S1 in the
Electronic Supplementary Material (ESM). Figure 1(b) provides a
physical illustration of the HPR-TENG, showing the stator (lower
pole plate) on the left and the rotator (upper pole plate) on the
right. The integration of electrodes and the plate into printed circuit
boards (PCBs) significantly enhances the stability of the HPR-
TENG’s output and reduces production complexity. The
advantages of HPR-TENG over other conventional rotating TENG
structures are demonstrated in Note S1 in the ESM.

The basic working principle of HPR-TENG is self-compensating
non-contact electrostatic induction, which simply means that HPR-
TENG is able to improve its output performance by means of
supplementary electric measures. Figure 1(c) shows a general
schematic of the working principle. P-TENG works on the
principle of self-supplementary electrostatic induction. In detail, the
friction between the wool and the PTFE causes a negative charge to
build up on the surface of the PTFE which does not dissipate easily.
The PTFE then undergoes electrostatic induction with the
electrodes, causing the electrodes to generate electrical energy
output. The charge injection process is achieved by a voltage
multiplication circuit (VMC). The workings of the VMC are shown
in Note S2 in the ESM. Specifically, the electrical energy generated
by the P-TENG is injected into the VMC and then the VMC
steadily injects the electrical energy into the storage electrodes (Es)
of the M-TENG. M-TENG also works on the principle of non-
contact electrostatic induction. The Eg are charged by the VMC,
which creates an extremely high charge density on the surface of
the electrodes. In the electrostatic induction with the output
electrode (Ey), a high-performance output is generated.

In order to understand the working principle of HPR-TENG
more clearly, Figs. 1(d) and 1(e) explain the working principle of P-
TENG and M-TENG in detail. In Fig. 1(d), P-TENG’s friction
material PTFE (P,) fills the surface with a negative charge after
electrostatic induction with wool. The advantages of attaching wool
are demonstrated for the Note S3 in the ESM. In the process of
states II to III, the positive charge in the output electrodes of P-
TENG (Epyyy) is transferred to Epyy,,,) to generate electrical energy.
In states IV to I, the positive charge moves from Epr,,;) t0 Epyy,
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Figure1 Structural design and working principle of HPR-TENG. (a) Structural design and exploded view of HPR-TENG. (b) The physical drawing of the HPR-TENG.
() The general schematic of the working principle. The working principle of (d) P-TENG and (e) M-TENG in detail.

producing the opposite charge transfer as in states II and IIL
Assuming that the transfer of positive charge from Epy,) to Epy,.1
is a positive current, the direction of the current generated by the
process from states II to III is positive and the direction of the
current generated by states IV to I is negative. Figure 1(e) shows in
detail how M-TENG works. In state I, neighboring storage
electrodes (Eg,,) are stably injected with charges of different
polarities by the VMC. Extremely high charge densities are formed
on the surface of Egy, but the surface charge density of the
electrode is subject to a certain threshold, which limits the output
performance of M-TENG to a certain extent. In order to enhance
the Ej, charge storage threshold, attaching the friction material to
the surface of the storage electrode will provide an additional charge
storage space, which in turn will enhance the charge storage
capacity of the Eg,, as a whole. Specifically, the friction material
affixed to the Ej,, surface stores the charge above the threshold.
During the process from states II to III, the positive charge in the
output electrode Eq,,;) moves into Eq, to generate electrical
energy. Since the polarity of Eg,, do not change, the E, reverses
its polarity. For example, Eq,, ) filled with a positive charge is now
filled with a negative charge. The polarity of E,,,, is reversed so

.................
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that M-TENG produces a double output. During the process from
states IV to I, the positive charge is transferred from Eg,, into
Eogu1) which eventually completes the polarity reversal of the
electrode. Assuming that the transfer of positive charge from Eg,.,
to Eq, is a positive current, the currents generated by states II to I
are positive and the currents generated by states IV and I are
negative. Therefore, the electrical energy generated by P-TENG is
injected into M-TENG via VMC to enhance the output
performance of M-TENG is proved to be feasible in principle.

2.2 Discussion of complementary strategies

The performance of P-TENG as a source of energy input to the
HPR-TENG has a great impact on the output performance of the
HPR-TENG. To investigate the output performance of P-TENG, it
is placed in a test environment with different rotational speeds.
Figures 2(a) and 2(b) show the voltage and current results for P-
TENG in different rpm environments, respectively. From Fig. 2(a),
it can be visualized that the output voltage of the P-TENG roughly
tends to increase as the rpm increases. More detailed data is the P-
TENG’s peak output voltage of 387.95 V at 500 rpm. A detailed
explanation of this phenomenon is that the charge on the PTFE

Nano Research, 2025, 18, 94907039
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Figure2 P-TENG performance testing and friction material selection. The (a) voltage and (b) current results for P-TENG in different rpm environments, respectively.
(c) The detailed curves of voltage and current for P-TENG in a test environment at an rpm of 500. The effect of friction materials (d) P (e) PE, (f) FEP, (g) BOPP, (h)
PET and (i) PVC on the enhancement of electrode charge storage capacity, respectively. (j) The optimal lifting effect of different friction materials. (k) The optimal

enhancement of the HPR-TENG output performance by the PVC film in detail.

surface of the P-TENG fades away during operation. As the rpm
increases, the PTFE surface charge is rapidly supplemented.
However, the P-TENG’s output voltage does not increase
indefinitely with increasing rpm, this is because increasing rpm
simply brings the output performance closer to saturation. The
magnitude of voltage saturation is determined by its own structure
(the available area of the friction material). As a result, the output
voltage of P-TENG increases as the rpm increases, with a gradual
flattening out of the increasing trend and eventual saturation. It can
be visualized from Fig. 2(b) that the output current of the P-TENG
keeps increasing as the rpm increases. At an rpm of 500, P-TENG’s
output current peaks at 1522 pA. The reason for this whole
phenomenon is that the effect of the increase in rpm is an increase
in frequency (decrease in cycle time), resulting in a decrease in the
time for each charge transfer process. However, the total amount of
charge transfer is constant and as the cycle time decreases, this
ultimately leads to an increase in output. Therefore, the output
current of P-TENG will continue to increase as the rpm increases.
Figure 2(c) shows the detailed curves of voltage and current for P-
TENG in a test environment at an rpm of 500. Where, Fig. 2(c)(I)
depicts the voltage curve and Fig. 2(c)(II) shows the current curve.
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94907039 (4 of 9)

Different friction materials exhibit varying degrees of
enhancement on the charge storage capacity of the M-TENG. To
investigate the effects of different friction materials and layer
numbers on this enhancement, tests are conducted at an rpm of
150. The experimental results, shown in Figs. 2(d)-2(i), illustrate
the impact of polyimide (PI), polyethylene (PE), fluorinated
ethylene propylene (FEP), biaxially oriented polypropylene (BOPP),
PE terephthalate (PET) and PVC on the electrode charge storage
capacity. It is evident that all friction materials enhance charge
storage capacity. Figure 2(d) highlights the effect of PI on the
electrode storage capacity, with the optimal performance observed
at four layers of PI material (0.06 mm thickness). The output
voltage, current and charge transfer of M-TENG are 1970 V,
195 pA and 0.53 pC, respectively. Under the same test conditions,
the friction material PE also shows the best output performance of
M-TENG when 4 layers are pasted. The specific data are 2170 V,
179 pA, 0.68 uC (as shown in Fig. 2(e)). Similarly, the friction
material FEP has the best output performance of M-TENG when
4 layers are pasted. The specific data are 2314 V, 165 pA and
0.63 uC (as shown in Fig. 2(f)). The friction material BOPP also has
the best output performance of M-TENG when 4 layers are pasted.

&
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The specific data are 2399 V, 165 pA and 0.49 uC (as shown in Fig.
2(g)). The friction material PET also has the best output
performance of M-TENG when 4 layers are pasted. The specific
data are 2314 V, 211 pA, 0.65 pC (as shown in Fig. 2(h)). The
friction material PVC has the best output performance of main
HPR-TENG when 3 layers are pasted. The specific data are 2785V,
238 pA, 1.04 pC (as shown in Fig. 2(i)). Among the six tested
materials, PVC emerged as the best performing friction material. As
the number of layers increased, the M-TENG'’s output performance
initially rose before declining. This is because additional friction
material layers enhance the charge storage capacity of the M-
TENG, significantly boosting output. However, when too many
layers are applied, they impede the electrostatic induction process,
thereby reducing output performance. Consequently, the M-TENG’
s storage electrodes achieve optimal performance with three layers
of PVC friction material. A ranking of the friction materials’
effectiveness in enhancing charge storage capacity is established, as
illustrated in Fig. 2(j). The order, from highest to lowest
enhancement, is: PVC, PET, BOPP, FEP, PI and PE. Figure 2(k)
provides a detailed view of the optimal enhancement of HPR-
TENG output performance by the PVC film. Fig. 2(k)(I) depicts the
voltage curve, Fig. 2(k)(II) shows the current curve and Fig
2(k)(III) presents the charge transfer curve.

2.3 Performance testing and result analysis of HPR-TENG

To study the effect of different rotational speeds on the output
performance of M-TENG, M-TENG with 3 layers of PVC friction
material pasted on it is selected for performance testing at different
rpms. The voltage output curves of M-TENG at different speeds are
shown in Fig. 3(a). It can be observed intuitively that at speeds of
100 and 200 rpm, the output voltage phases are roughly the same.
At speeds of 300, 400 and 500 rpm, the output voltage is essentially
the same. However, the difference in output voltage is not
significant. This is because the output voltage is determined by the
actual area of the friction material, which may vary a little due to
differences in rpm (external test conditions). The peak output
voltage of M-TENG at 500 rpm is 2828 V. Figure 3(b) shows the
output current curves of M-TENG at different rpm. The output
current curve shows a clear increasing trend as the speed increases.
M-TENG has a peak output current of 327 pA at a test condition of
500 rpm. This is because as the rotational speed increases, it causes
the frequency to increase (cycle time decreases). However, the
amount of charge transfer completed within the cycle remains
constant, which means that the charge transfer needs to be
completed in a shorter amount of time. As a result, the output
current of the M-TENG increases as the rpm increases. Figure 3(c)
illustrates the charge transfer curves of M-TENG at different rpms.
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Figure3 Performance test and stability test of HPR-TENG. (a) The voltage output curves, (b) current curves and (c) charge transfer curves of M-TENG at different
speeds. (d) The output voltage, current and charge transfer curves of the M-TENG at an rpm of 500. (¢) The HPR-TENG after completing 100,000 operating cycles.
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It can be intuitively seen that the output charge transfer of M-
TENG is essentially the same at different rpms. At a rotational
speed of 500, the charge transfer of M-TENG is 0.81 pC. This is due
to the fact that the amount of charge transfer is determined by the
effective area of the friction material and increasing the rpm only
increases the speed of charge flow without affecting the total
amount of charge transfer. Therefore, the amount of charge transfer
in M-TENG does not change significantly as the rotational speed
increases. For a more intuitive understanding of the output
performance of the M-TENG, Fig. 3(d) shows the output voltage,
current and charge transfer curves of the M-TENG at an rpm of
500. Figures 3(d)(I)-3(d)(III) show the thumbnail diagrams of
output voltage, current and charge transfer, respectively and Figs.
3(d)(IV)-3(d)(VI) show the detailed diagrams of output voltage,
current and charge transfer, respectively.

Stability is a key focus in HPR-TENG research. To test device
stability, Fig. 3(e) presents data from the HPR-TENG after
completing 100,000 operating cycles. Figures 3(e)(I)-3(e)(III)
display some of the initial, intermediate and final work cycles,
respectively. It is clear that the HPR-TENG maintains consistent
performance during continuous operation, highlighting its
structural stability. Consequently, the HPR-TENG not only delivers
excellent output performance but also demonstrates remarkable
stability.

24 Applications

The HPR-TENG should not only have excellent output
performance, but also excellent applications. To test the application
of HPR-TENG, we test the capability of charging capacity. After
passing the output energy of the HPR-TENG through the rectifier
bridge, it charges capacitors of different capacities with sizes of 1,
10, 100, 220, 330 and 470 pF. The results of charging curves for
different capacitors are shown in Fig. 4(a). Wherein the inset in Fig.
4(a) is an enlarged area of a portion of the region. It can be
visualized that charging is extremely fast for small capacity
capacitors and relatively slow for large capacity capacitors. Detailed
data demonstrates that it takes no more than 0.5 s to charge 1 and
10 pF capacitors to 5 V. A 100 pF capacitor takes 3.5 s to charge to
5V, a 220 pF capacitor takes 7 s and relatively large capacitors take
more time, 19.5 s for a 330 pF capacitor and 30 s for a 470 uF
capacitor. As you can see, HPR-TENG demonstrates excellent
application with its own excellent output performance.

Exploring the impedance of HPR-TENG allows for better
applications. We matched the impedance of the HPR-TENG by
using different resistors. The impedance will vary with different
amounts of PVC film applied. Figs. 4(b)—4(f) show the HPR-TENG
output power and voltage curves for pasting different amounts of
PVC films. The experimental results demonstrate that the HPR-
TENG with a layer of PVC film pasted on it achieves the maximum
output power of 108 mW at a load resistance of 1 x 107 Q.
Similarly, the HPR-TENG with two layers of PVC film pasted on it
has a maximum output power of 256 mW at 1 x 10’ Q. However,
the HPR-TENG with 3 layers of PVC film pasted on it has a
maximum output power of 748 mW at a load resistance of 4 x 10°
Q. The HPR-TENG with four layers of PVC film pasted on it
reaches its maximum output power of 382 mW at a load resistance
of 8 x 10° Q. Moreover, the HPR-TENG with five layers of PVC
film pasted on it reaches the maximum output power of 62 mW at
a load resistance of 1 x 10" Q. Therefore, the HPR-TENG with
three layers of PVC film pasted on it is the maximum power
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output, which is 748 mW. The formula for calculating HPR-TENG
peak power is shown in Note S4 in the ESM.

Tip high-voltage breakdown sensor system have been proven to
be used for the detection of inert gas composition, concentration,
humidity and other parameters [28-30]. The working principle of
needle tip high voltage breakdown is shown in Note S5 in the ESM.
Moreover, tip high-voltage breakdown has also been shown to be
used to enhance the output performance of HPR-TENG. However,
a large potential difference is required for tip high-voltage
breakdown to occur. However, a large potential difference is
required for pinpoint high voltage breakdown to occur. HPR-
TENG has excellent output performance and can provide sufficient
potential difference to the tip. Figure 4(g) shows the schematic
diagram of the HPR-TENG for a tip high-voltage breakdown
sensor system. The electrical energy generated by the HPR-TENG
delivers a large number of charges of different polarities to each end
of the tip through the VMC. Causes a high potential difference
between the two tips of the needles, which eventually breaks
through the air. Figure 4(h) shows the state of the tip of the needle
when it is not breakdown and when it is breakdown, respectively.
In order to understand more about the tip high-voltage breakdown
when it occurs, information about the current and charge transfer
at the tip over a period of 10 s is collected. Figure 4(i) shows the
current information during the tip high-voltage breakdown of the
tip. It can be seen that there are 14 breakdowns in 10 s with current
up to about 30 mA. Figure 4(j) shows in detail the current profile
during a tip high-voltage breakdown and it can be found that the
tip high-voltage breakdown takes only 1 ms to occur. Figure 4(k)
illustrates the charge transfer curve for a tip high-voltage
breakdown and Fig. 4(1) details the charge transfer curve for one of
the tip high-voltage breakdowns. Therefore, the HPR-TENG can be
used as an excellent energy supply for tip high-pressure sensor
system.

3 Conclusion

We have developed a HPR-TENG based on coplanar charge
pumping strategy and suppression of charge decay. By pasting PVC
film on the surface of the storage electrode of M-TENG, the storage
threshold of the electrode can be increased, thereby more effectively
improving the output performance of M-TENG. HPR-TENG
comes into soft contact with wool during rotation, greatly reducing
frictional resistance. The coplanar design of P-TENG and M-TENG
in HPR-TENG greatly reduces the complexity of structural design.
P-TENG adopts a self-compensating power supply strategy based
on wool, greatly improving output performance. The enhancement
effect of pasting different friction materials on the electrode charge
storage capacity has been verified. Among them, HPR-TENG with
three layers of PVC film pasted has the best output performance,
with the output voltage of 2828 V, output current of 327 pA and
the charge transfer amount of 0.81 pC at 500 rpm. The HPR-TENG
with 3 layers of PVC film has a maximum output power of
748 mW when the load resistance is 4 x 10° Q. The output
performance of HPR-TENG remains stable after 100,000 cycles,
demonstrating excellent stability. HPR-TENG has excellent
electrical performance and can serve as an energy source for tip
high-voltage breakdown sensor system, achieving 14 breakdowns
within 10 s. HPR-TENG has the potential to serve as an energy
supply for high-pressure sterilization, high-pressure vacuum and
water electrolysis.
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Figure4 Application testing of HPR-TENG. (a) The results of charging curves for different capacitors. (b)—(f) The TENG output power and voltage curves for pasting
different amounts of PVC films. (g) The schematic diagram of the HPR-TENG for a tip high-voltage breakdown sensor system. (h) The state of the tip of the needle when
it is not breakdown and when it is breakdown, respectively. (i) The current information during the tip high-voltage breakdown of the tip. (j) The current profile during a
tip high-voltage breakdown in detail. (k) The charge transfer curve for a tip high-voltage breakdown. (I) The charge transfer curve for one of the tip high-voltage

breakdowns in detail.

4 Experimental section

4.1 Design and fabrication of HPR-TENG

The rotor and stator were fabricated by attaching a copper layer of
friction material to the surface using the PCB method. The design
of the rotor and stator had a radius of 10 cm and the area was
divided into a central area and an outer circle area. Among them,
the radius of the central area was 3 cm. Friction materials PTFE,
PVC, PET, BOPP, FEP, PI, PE and wool were purchased
commercially.
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4.2 Characterizations and measurements

The short-circuit current, amount of charge transfer and internal
resistance of HPR-TENG were measured with an electrostatic
meter (Keithley 6514) and the open-circuit voltage was measured
with an oscilloscope (DS7054 500 MHz 10 GSa/s RIGOL) and a
high-voltage probe (P5100A with an equivalent impedance of
40 MQ) Tektronix).

4.3 Statistical analysis

Statistics were performed using the software Origin (Origin lab
Corporation, Northampton, MA, USA).
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(further explain the working principle of HPR-TENG) is
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