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With the growing mobility of the world population and the emergence of infectious diseases, the prevention and
control of epidemic are particularly important for public health. Here, we report a high-performance and durable
triboelectric nanogenerator (TENG) for self-powered medical health improvement. Based on a simple and
effective double tribo-layers strategy, the electrical output performance of the TENG is enhanced by about 65%
compared with that of traditional single tribo-layer. In addition, by introducing an automatic working mode
transition design, the durability of the TENG can be greatly improved. Using the high output voltage of TENG as
driven by wind, a self-powered mosquito-killing system and a self-powered ultraviolet sterilization system are
further developed to control the mosquito population and bacterial reproduction for reducing the risk of disease
transmission. This work not only provides a prospective strategy to improve the electrical and mechanical
performance of the TENG, but also expands the application area of the self-powered system to infectious disease

prevention.

1. Introduction

With the rapid development of the social economy and modern
technology, interpersonal contact is becoming more and more frequent.
Infectious diseases caused by bacteria and viruses could easily spread
from person to person through the air, which will seriously endanger
human health [1-4]. In addition, mosquito bite is the origin of numerous
mosquito-borne diseases, including malaria [5,6], Japanese encephalitis
[7,8], filariasis [9,10], dengue fever [11,12], and so on. Realizing
high-efficiency sterilization and mosquito control can significantly
reduce the risk of disease spreading and ensure public health. Currently,
the common methods for mosquito-killing and sterilization are mainly
divided into two categories: chemical and physical. For the chemical
methods, it is inevitable that toxic chemicals may not only do harm to
people’s health, but also pollute the ecological environment seriously
[13-16]. High-voltage mosquito-killing and ultraviolet (UV)
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sterilization are two of the safe and effective physical methods. How-
ever, external power sources are indispensable for driving the relevant
devices, which will have severe limitations, especially in outdoor and
remote areas. Therefore, it is highly desirable to develop an
environmental-friendly and maintenance-free sterilization and infection
control system.

Based on the coupling effect of contact electrification and electro-
static induction, triboelectric nanogenerators (TENGs) have been
recently developed into a powerful technology for converting low-
frequency, distributed, and irregular mechanical energy into elec-
tricity [17]. With lots of advantages such as simple structure, low cost,
high efficiency, and high output voltage [18-21], TENGs have been
widely used in various fields, including micro/nano power sources,
self-powered sensors, blue energy, and direct high-voltage power sour-
ces [22-27]. Therefore, the TENG technology can be effective for the
new era, where huge amounts of distributed electronic devices will be
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used. To expand the practical application of TENGs, power output and
mechanical durability are two of the most critical parameters that need
to be improved. To date, various strategies have been reported to
maximize the output performance of the TENG, including improving the
surface charge density, enhancing the contact intimacy, and designing
innovative structures [28-33]. Meanwhile, previous researches also
attempted to improve mechanical durability from the aspects of mate-
rials and structure design, such as developing robust triboelectric ma-
terials, using the rolling friction structure or non-contact structure
[34-37]. However, realizing the high mechanical durability of the TENG
using traditional methods will often lead to a decline in its electric
output. Given this, an effective and simple strategy for simultaneously
maximizing these two parameters is urgently required for practical
application.

Here, we report a high-performance and durable TENG with double
tribo-layers structure and automatic working mode transition.
Compared with the TENG with single tribo-layer, the transferred charge
and instantaneous peak power are increased by 65% and 156%,
respectively. In addition, the TENG can automatically transform its
working mode under the force balance between centrifugal force and
gravity of the flexible rotator, which can effectively improve its stability
and durability. Own to its excellent performance, the TENG is further
utilized to construct a self-powered mobile sterilization and infection
control system for mosquito-killing and sterilization. This work opens up
new avenues for self-powered systems in infectious disease control, and
will potentially promote family medical care and public health.

2. Results and discussion

2.1. Structure design of the self-powered mobile sterilization and infection
control system

Fig. la presents the structural design of the TENG-based self-pow-
ered mobile sterilization and infection control system, which is
composed of a sandwich-structured free-standing TENG as the power
supply and a home-made medical health device for mosquito-killing and
sterilization. For the rotatory free-standing TENG (FS-TENG), a two-
channel hierarchical structure is designed for simultaneously
improving the output performance and realizing two independent
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functions. A rotator with double-faced triboelectric layers is inserted in
the middle of two PCB stators. Fig. 1b,c show the photographs of the
rotator and the stator, both of which are composed of radially arrayed
sectors. Give that the output characteristic of high voltage, the upper
part is directly used as the high-voltage power source for mosquito
eradication. Meanwhile, the lower part serves as the power supply of the
ultraviolet light-emitting diode (UV-LED) module. Fig. 1d shows the
photograph of the as-fabricated wind-driven TENG. By integrating with
the wind cups, the FS-TENG is capable of harvesting the environmental
wind energy for building up a self-powered system. The home-made
medical health device mainly consists of a circular high-voltage elec-
tric network and a central UV-LED module, as shown in Fig. 1e. The UV-
LED can not only attract the mosquito by utilizing its phototaxis, but also
kill the bacteria by using UV irradiation. The detailed fabrication pro-
cess of the TENG and home-made medical health device can be found in
the Experimental section. Using the two-channel TENG for harvesting
the ambient mechanical energy, self-powered mosquito-killing and
sterilization could be simultaneously achieved, which is meaningful for
promoting medical security level and public healthcare, as shown in
Fig. 1f.

2.2. Output performance improvement of the TENG

To improve the output performance of the TENG, double tribo-layers
are designed to enhance the electrostatic induction. Given that its
symmetrical structure, we chose the bottom half part of the TENG for
investigating the improvement mechanism and characterizing the
output performance. Fig. 2a presents the output power improvement
principle of the TENG with double tribo-layers. The rotator comprises of
two components: a layer of epoxy glass cloth laminate sheet (FR-4) as
the substrate, and two layers of FEP film attached on both sides of the
FR-4 substrate as the triboelectric materials. Before assembling the
TENG device, the FEP film was negatively pre-charged by rubbing with
the Cu film. In the initial stage, positive charges are induced in the
electrode I right below. When the rotator slides, the positive charges will
flow from electrode I to electrode II until the FEP film reaches the
overlapping position of electrode II. As the rotation continues, the
induced positive charges will flow back in the opposite direction because
of the periodic structure. This is the full cycle of the electricity
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Fig. 1. Structural design and photographs of the TENG-based self-powered mobile sterilization and infection control system. (a) Schematic of the self-powered
medical health system. (b,c) Photographs of the rotator (b) and stator (c) of the rotatory FS-TENG. Scale bar, 5 cm. (d) Photograph of the fabricated wind-driven
TENG device. Scale bar, 6 cm. (e) Photograph of the home-made medical health device. Scale bar, 3 cm. (f) Flow chart of the self-powered sterilization and

infection control system.
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Fig. 2. Output performance improvement of the TENG. (a) Schematic illustration of the output performance improvement mechanism and potential simulation by
COMSOL to elucidate the improvement mechanism. (b-e) Comparison of the open-circuit voltage (b), short-circuit current (c), transferred charge (d), and peak power

(e) between TENGs with single tribo-layer and double tribo-layers.

generation process. Compared with the TENG with single tribo-layer, it
has higher surface charge density, which can induce more positive
triboelectric charges in the bottom electrode for improving the output
performance. For a better understanding of the proposed mechanism,
corresponding potential distributions under the open-circuit condition
are also simulated.

To quantitatively evaluate the improvement mechanism, we subse-
quently measured the output performance of the TENGs fabricated with
single tribo-layer and double tribo-layers. The open-circuit voltage
(Voc), short-circuit current (Isc), and transferred charge (AQ) of the
TENG fabricated with single tribo-layer are shown in Fig. 2b-d, with
peaks of 900 V, 6.7 pA, and 0.34 uC, respectively. When using the tribo-
layers for fabricating TENG, its Vo, Isc, and /AQ can be improved to
1400 V, 10.4 pA, and 0.56 pC, under the same rotation speed of 75 rpm/
min. By comparing their output charge, TENG with double tribo-layers is
65% higher than that of single tribo-layer. To further evaluate the
effective output power improvement, the output current of the TENGs
was measured with various resistances applied as the external load,
under the rotation speed of 600 rpm/min. The relationship between the
output current and the resistance is plotted in Fig. S1. As shown in
Fig. 2e, the maximum peak output power of 23.8 mW can be achieved
under the external load of 10 MQ, which is 2.6 times of that for the
TENG with single tribo-layer.

2.3. Mechanical durability improvement of the TENG

For practical applications that need to scavenge high-frequency
mechanical energy for an extended period, such as airflow, rotational
tires, and water flow, wear and tear of tribo-material will inevitably
occur, which could severely reduce the output power of the TENG or
even damage the device. To further improve the mechanical durability
of the TENG, we designed an automatic mode transition structure by
utilizing the force balance between centrifugal force and gravity of the
flexible rotator in different rotation speeds. The working mechanism of
automatic mode transition is schematically illustrated in Fig. 3a,
including top and bottom parts of free-standing TENGs. At low rotation
speed, gravity is dominant in the resultant force of each rotator blade.
Thus, each blade will stay in bending state and contact with bottom
electrodes due to its flexibility, while separate with top electrodes. In
this case, the top TENG works in non-contact mode, and the bottom
TENG works in contact mode. As the rotation speed continues to in-
crease, the rotator blade begins to separate with bottom electrodes since
its centrifugal force gradually increases. When its centrifugal force be-
comes much larger than the gravity at high rotation speed, the blades
will then overcome the gravity and completely separate with the bottom
electrodes, resulting in the working mode conversion of top and bottom
TENGs. Real-time operating states of the rotator in low and high rotation
speed are shown in Fig. S2 and Movie S1, S2, Supplementary material.

Supplementary material related to this article can be found online at
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Fig. 3. Durability improvement of the TENG. (a) Schematic illustration of the automatic working mode transition between the upper and lower parts of the TENG
triggered by the rotation speed. (b-d) Open-circuit voltage (b), transferred charge (c), and short-circuit current (d) of the TENG under different rotation speeds. (e)
Robustness investigation of the TENG in different working modes. (f) 3D interferometer images of wear traces on the FEP films in contact mode and non-contact mode

after 20,000 working cycles.

doi:10.1016/j.nanoen.2021.106313.

Considering the symmetrical structure of this automatic mode tran-
sition design, we choose the bottom part of free-standing TENG for
experimentally investigating its electrical performance and mechanical
durability. As shown in Fig. 3b-d, nine sets of output voltage, transferred
charge, and output current were systematically measured under a va-
riety of rotation speeds. Fig. 3b shows the relationship between the
output voltage and rotation speed, which can be divided into three re-
gions. In the first region with rotation speed less than 120 rpm, the
output voltage remains at a constant value of about 1400 V because of
the full contact between the flexible rotator and bottom electrodes. In
the transition region with rotation speed between 120 rpm and 300 rpm,
the output voltage rapidly decreases from 1400 V to 1100 V with the
increase of rotation speed, which is because the rotator gradually sep-
arates with the stator. Subsequently, when the rotation speed increases
to more than 300 rpm, the output voltage reaches another stable value
of about 1100 V due to the complete separation between the rotator and
stator. The output voltage only decreases by about 22% after the
working mode transition, demonstrating its excellent electric output.
The transferred charge shows a similar variation trend, reducing from
0.56 pC in contact mode to 0.42 uC in non-contact mode (Figs. 3c and S3,
Supplementary material). Fig. 3d shows the measurement result of
output current under different rotation speeds. Unlike the output voltage
and transferred charge, the output current is mainly affected by the

charge transfer rate. Thus, it can be seen that the increase of rotation
speed leads to a monotonic increasing of output current from 6 pA to 58
pA. The detailed variation trend of the output current is shown in
Fig. S4, Supplementary material. To verify the feasibility of our struc-
tural design, the electrical performance of the upper part of the TENG
was also investigated (Fig. S5, Supplementary material).

Benefit from this mode transition design, the robustness of the TENG
can be greatly improved. As shown in Fig. 3e, there is no observable
output degradation after 20,000 working cycles when operated in the
non-contact free-standing mode. However, an obvious degradation of up
to 42% was observed for the contact sliding mode. Fig. 3f shows the
surface wear traces of the FEP rotators in two working modes after
20,000 working cycles. Compared to that of the contact mode TENG, the
mechanical wear of the non-contact mode TENG is negligible, demon-
strating its excellent long-term durability.

2.4. Self-powered mosquito-killing system

In order to prevent the spread of mosquito-borne diseases, it is of
great importance to developing an environmental-friendly method for
controlling the mosquito population. As shown in Fig. 4a, a TENG-based
self-powered mosquito-killing system was built by integrating with a
home-made mosquito-killing lamp using 365 nm UVA light. It has been
reported that this kind of UVA light with a peak wavelength of 365 nm
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Fig. 4. Self-powered mosquito-killing system. (a) Photograph of the self-powered mosquito-killing system. Scale bar, 10 cm. (b) Photograph of 180 UVA-LEDs in the
home-made mosquito-killing lamp that are directly powered by the TENG. Scale bar, 3 cm. (c) Electric circuit diagram of the voltage multiplier circuit for converting
AC to DC with high voltage. (d) Voltage variation of the TENG using voltage multiplier circuits with different numbers of capacitors. (e) Voltage charging curves of
the TENG using voltage multiplier circuits with different capacitors. (f) Potential simulation of the home-made mosquito-killing lamp powered by the TENG. (g-h)
High-speed camera photographs showing the mosquito-killing process of before (g) and after (h) contacting with the high-voltage electric grid. Scale bar, 3 cm for the

standard view, 3 mm for the enlarged view.

can effectively attract mosquitos [38,39]. The wind-driven TENG is
capable of harvesting environmental energy and simultaneously pow-
ering the high-voltage electric network and trapping light. The spectrum
diagram of the UVA-LED is measured in Fig. S5, Supplementary mate-
rial. 180 UVA-LEDs can be easily lighted up by the TENG through a
rectifying circuit (Fig. 4b and Movie S3, Supplementary material).
Although the TENG itself has shown excellent high-voltage character-
istics, higher output voltage and energy are required for efficient
mosquito-killing. To tackle this problem, a voltage multiplier circuit
containing diodes and capacitors was further used, as shown in Fig. 4c.
For better mosquito-killing performance, output voltage, energy, and
charging period are critical parameters. Fig. 4d shows the relationship
between the output voltage and capacitance number, indicating that the
voltage multiplier circuit can effectively improve the output voltage of
the TENG. Thanks to the high output power of the TENG, the
self-powered electric grid can rapidly produce a high voltage, demon-
strating its high efficiency. It can be seen that the charge time from 0 V
to 3500 V is less than 7 s even for the five-stage voltage multiplier circuit
with the capacitance of 50 nF, which could produce enough energy for
killing mosquitos (Fig. 4e). Considering its high output power and short
charging period, the fabricated TENG-based self-powered system ex-
hibits great potential for practical application. The corresponding
simulation of potential distribution between two poles in the electric
grid by COMSOL is presented in Fig. 4f.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106313.

To experimentally verify the feasibility of the TENG-based self-
powered system, we further use it to attract the mosquitos by utilizing
their phototaxis and record the process with a high-speed camera.

Fig. 4g, h shows the instantaneous states of the mosquito before and
after getting an electric shock. When the mosquito contacts with the
electric grid, an obvious electric spark can be seen. The complete
mosquito-killing process captured by the high-speed camera is shown in
Movie S4, Supplementary material. These results demonstrate the
promising anti-mosquito potential of the self-powered mosquito-killing
system in the outdoor environment.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106313.

2.5. Self-powered UV sterilization system

Considering many infectious diseases spread easily through the air, it
will be a promising way to utilize environmental energy for reducing the
risk of infectious disease transmission. Fig. 5a depicts the conceptional
application of the TENG for scavenging indoor environmental energy for
self-powered UV sterilization. The TENG can be installed in the air
conditioner pipe to harvest the wind energy for powering UVC-LEDs,
which has been reported to be effective for disinfection and steriliza-
tion [40,41]. Fig. 5b illustrates the enlarged view inside the air condi-
tioner pipe and the working mechanism for self-powered sterilization.
After UV irradiation treatment, the bacterial content in the air could be
reduced. The peak wavelength of the UVC-LED is 277 nm, as shown in
Fig. S6, Supplementary material. 180 UVC-LEDs can be easily lighted up
by the TENG, demonstrating the feasibility of killing bacteria (Fig. 5¢
and Movie S5, Supplementary material).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106313.

To verify the universal sterilization effect of the self-powered
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Fig. 5. Self-powered UV sterilization system. (a) A proposed conceptual application of the wind-driven TENG using for self-powered UV sterilization in the indoor
environment. (b) Enlarged view of the air conditioner pipe where the TENG could harvest the wind energy for driving UVC-LEDs. (c) Photograph of 180 UVC-LEDs
that are directly powered by the TENG. Scale bar, 2 cm. (d) Photographs of E. coli (EC) and S. aureus (SA) colonies under various irradiation times. Scale bar, 1 cm. (e-
f) Survival rates of E. coli (e) and S. aureus (f) at different treatment times by counting the colonies of (d). (g) Enlarged fluorescent images of live (green) and dead
(red) bacterial cells under various irradiation times. Scale bar, 5 um. (h) Photographs of bacterial solutions in MTT assay under various irradiation times. Scale bar,
1 cm. (i) Absorbance curves of bacterial solutions in MTT assay. (j) Calculated survival rates of bacteria in MTT assay using the data retrieved from (i). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sterilization system, E. coli and S. aureus were treated by self-powered
UV irradiation for 0-15 min, and the results of sterilization are shown
in Fig. 5d. It is worth noting that the colony counts of the bacteria
decrease markedly with the increase of irradiation time and finally
disappear in 15 min. Then, the change of survival rate with the irradi-
ation time was also calculated by counting the colonies from Fig. 5d, and
the results for E. coli and S. aureus were shown in Fig. 5e and f,
respectively. They both showed a dramatic change with the irradiation
time, while S. aureus has a more tender drop line, which may suggest
that S. aureus is more resistant to UV light than E. coli. Furthermore, the
survival of bacteria under irradiation of UVC-LEDs was also assessed by
using Live (green)/Dead (red) dual-color fluorescent staining (Fig. 5g).
The result showed that E. coli was completely killed in 15 min while part
of S. aureus was still alive, which was consistent with the result of
Fig. 5d-f. Finally, the effect of self-powered UVC-LEDs irradiation on the
bacteria was explored by MTT assay (Fig. 5h), and the corresponding
change of absorbance and the calculated survival rate with various
irradiation times were shown in Fig. 5i and j, respectively. The results
indicated that both bacteria completely lost their vitality in 30 min even
after 1h incubation flowing with the irradiation. Overall, the

antibacterial results indicate that the self-powered UV sterilization sys-
tem possesses a superior bactericidal ability and can greatly prevent the
airborne transmission of bacteria in the indoor environment.

3. Conclusion

In conclusion, we developed a high-performance and durable tribo-
electric nanogenerator for self-powered mobile sterilization and infec-
tion control system. The high output of the TENG was realized by
designing a simple and effective double tribo-layers structure, with
significant enhancements of 65% and 156% in transferred charges and
instantaneous peak power, respectively. Furthermore, by introducing
the automatic working mode transition structure, the stability and
durability of the TENG can be greatly improved. As a demonstration, the
TENG is adopted for constructing a self-powered mosquito-killing sys-
tem, which is composed of a TENG-driven trapping light and a high-
voltage electric network. Furthermore, a self-powered UV sterilization
system was also developed to inhibit bacterial reproduction in the in-
door air environment. This research will broaden the application of
TENG in self-powered medical health devices and disease transmission
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control, and may promote family medical care and public health.
4. Experimental section

4.1. Fabrication of the rotary sliding FS-TENG

The rotary sliding FS-TENG mainly consists of two stators and a ro-
tator. The rotator was coaxially placed between the two stators. For the
stator, a custom-made disc-shaped PCB with a diameter of 23 cm was
applied as the supporting substrate. 6 pairs of Cu electrodes with an
interspace of 5 mm on the PCB surface were regarded as the triboelectric
and electrode layers. A circular region with a diameter of 40 mm was cut
in the center of the PCB board for the space of the drive shaft. For the
rotator, a flexible blade-shaped FR-4 board with a diameter of 20 cm and
thickness of 0.3 mm was used as the substrate. Then a layer of FEP film
with a thickness of 25 pm was adhered on the upper and lower surfaces
of the FR-4 substrate as the free-standing triboelectric layer.

4.2. Fabrication of the medical health device

The home-made medical health device is composed of two parts: a
high-voltage electric network and a UV-LED module (APT Electronics
Co., Ltd., China). For the high-voltage network, a custom-made disc-
shaped PCB with a diameter of 43 mm was applied as the supporting
substrate. 30 steel wires with a diameter 0.3 mm and a separation dis-
tance of about 0.36 mm were installed along the edge of the PCB. For the
UV-LED module, 180 UV-LEDs were connected in series and evenly
distributed across the surface of the prismatic PCB board.

4.3. Bacterial culture

E. coli (ATCC 25922) and S. aureus (ATCC 25923) were cultured in
Luria-Bertani and Mueller-Hinton broth medium respectively in a
shaking incubator (300 rpm) at 37 °C and harvested at the logarithmic
growth phase by centrifugation at 4000 g for 10 min. After washing with
PBS buffer three times, the bacteria were resuspended in PBS for further
use. The concentration of bacteria was assessed by measuring the optical
density at 600 nm (ODggg) through a microplate reader.

4.4. Antibacterial experiments

E. coli (ATCC 25922) and S. aureus (ATCC 25923) were diluted by
sterilized 0.9 wt% NaCl solution and coated on sterilized nutrient agar
plates in Petri dishes, which were then irradiated by the self-powered
UVC-LEDs for 2, 4, 10, and 15 min, respectively. The distance be-
tween the UVC-LEDs and Petri dishes was 15 mm.

4.5. Live/dead staining assay

The viability of bacteria was qualitatively assessed using a Live/
Dead® Baclight™ bacterial viability kit (Molecular Probes, Invitrogen),
and all experiments were performed according to the manufacturer’s
instructions. Bacteria (ODggp 0.5) were irradiated by the self-powered
UVC-LEDs for 2, 4, 10, and 15 min, respectively. After washing with
sterilized 0.9 wt% NacCl solution, the bacteria (1 mL) were incubated
with 3 pL of the mixture of 1.67 mM SYTO 9 dye (green fluorescence)
and 10 mM propidium iodide dye (red fluorescence) for 15 min in the
dark. Then the samples were imaged using a laser scanning confocal
microscope.

4.6. MTT assay

MTT reagent was prepared by dissolving 20 mg of 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-
Aldrich) in 4 mL PBS and sterilized through 0.22 ym membrane filters.
The diluted bacteria solutions (ODggg 0.5) were irradiated by the self-
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powered UVC-LEDs for 5, 10, 30, and 30 min respectively. Then 1 mL
of samples were incubated with 100 pL 5 mg/mL MTT in the shaking
incubator at 37 °C for 2 h, while 1 mL of bacteria was boiled to death
before incubation treating as a control group. Finally, 200 pL incubated
bacteria was dissolved in 500 pL. DMSO, and the absorbance values at
517 nm were recorded using a spectrophotometer to calculate the sur-
vival rate of bacteria.

4.7. Characterization and measurements

The rotary sliding FS-TENG was driven by a motor (PC MOTOR) with
adjustable speed. The open-circuit voltage was measured using an
electrostatic voltmeter (Trek 347). A programmable electrometer
(Keithley 6514) was used to test the short-circuit current and transferred
charge. An optical profilometer (Contour GTK, Bruker) was used to
characterize the morphologies of the FEP films. The fluorescence images
of stained bacteria were captured by a Zeiss 880 confocal laser scanning
microscope (ZEISS, North Ryde). A spectrophotometer (Nano-
Photometer® N50, Implen) was used to measure the absorbance value of
bacteria solutions.
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