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ABSTRACT: The operation cost of an intelligent high-speed
train system is greatly increased by the enormous energy
demand of large-scale signal and sensor networks. However, the
wind energy generated by high-speed trains is completely
neglected. Herein, a wind-energy-harvesting device, which is
based on an elastic rotation triboelectric nanogenerator (ER-
TENG), is fabricated to harvest the wind energy generated by
high-speed moving trains and power the relevant signal and
sensing devices. Due to the significant decrease in friction force
resulting from reasonable material selection and elastic
structure design, the energy-harvesting efficiency of an ER-
TENG is doubled and the durability is increased by 4 times
compared to the same characteristics of a conventional rotation
sliding triboelectric nanogenerator (RS-TENG). Our findings not only provide an in situ energy-harvesting pattern for an
intelligent high-speed rail system by recovering the otherwise wasted wind energy generated by high-speed trains but also offer
a potential strategy for large-scale wind energy harvesting by TENGs.

With the rapid development of high-speed rail, large-
scale signal and sensor networks are being widely
applied in intelligent high-speed train systems, and

their huge demand for energy greatly increases the total
operation cost.1 Meanwhile, the high-voltage and large-current
grid of high-speed rail systems is not suitable for powering
these signal and sensor networks directly.2 In addition, the
requirements for extra services, such as wireless networks, real-
time charging, etc., further increase the complexity and energy
consumption of the whole system. Importantly, the signal and
sensor networks of a railway section only function for a short
time when the high-speed railway vehicles pass, while for most
of the other time they are in standby mode.3 This causes a
huge power loss. Therefore, a cost-effective supplement to
electric power is required to solve these issues. As an
alternative, a huge amount of wind energy is usually generated
as high-speed railway vehicles move,4 but it is completely
abandoned due to collection difficulties. Thus, a facile and
optimized technology is needed to harvest and convert the
wasted wind energy into electricity for powering the
corresponding signal and sensor networks as well as service
devices.

Nowadays, with their merits of light weight5,6 and low cost,7

triboelectric nanogenerators (TENGs) are regarded as one of
the most effective energy-harvesting technologies to power
large-scale signal and sensor networks in the Internet of things
and intelligent transportation systems by in situ harvesting of
tiny amounts of distributed energy.8−10 Based on the coupling
of triboelectrification and electrostatic induction,11,12 self-
powered systems composed of TENGs have been broadly used
in different research fields, such as blue energy harvesting,13−19

high-voltage sources,20−22 and intelligent transportation
systems.23,24 Conventional rotary sliding triboelectric nano-
generators (RS-TENGs) have been widely studied to harvest
energy from wind25−28 and vehicle wheel rotation.29,30

However, the high pressure needed to ensure the effective
contact of RS-TENGs results in many shortcomings, such as
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increased friction resistance, extra driving force, and easy
abrasion. Therefore, the overall energy consumption and
shortened life span severely impede the wide application of RS-
TENGs. To overcome these, reducing the overall power
consumption by lowering the frictional resistance and adding
more intelligent functions to the vehicles are two important
directions.
In this work, we report elastic rotation triboelectric

nanogenerators (ER-TENGs) with less friction force and
higher output for harvesting the otherwise wasted wind energy
from the operation of high-speed rail vehicles, achieved by
installing them on both sides of the railway track at intervals.
Then the harvested energy can power the signal and sensing
devices of a railway section. Based on the reasonable selection
of dielectric materials with minimal friction coefficient, the
friction force of ER-TENGs is greatly reduced. In addition,
benefiting from an excellent structure design with an elastic
contact mode, the driving torque of an ER-TENG is only half
that of a conventional RS-TENG under the same output.
Therefore, compared with the RS-TENG, the energy-harvest-
ing efficiency of the ER-TENG is doubled. More importantly,
wear is reduced owing to the significant reduction of friction,
and the ER-TENG can still maintain 80% of its output
performance even after 250 000 cycles of high-rotation-speed
testing (200 rpm). Finally, based on perfect output perform-
ance, a double-layer ER-TENG is shown to power commercial
traffic lights and sensing devices under the driving force of
simulated wind, which displays the potential applications of
ER-TENGs in intelligent high-speed train systems. Therefore,
an ER-TENG is considered to be an effective energy-

harvesting device to power the large-scale signal and sensor
networks of intelligent high-speed train systems by harvesting
the otherwise wasted wind energy generated by high-speed rail
vehicles.
As one of the most important modes of transportation, high-

speed rail, with the advantages of high speed, punctuality, and
good safety, is popular with passengers. These advantages
benefit from the cooperation of large signal and sensor
networks, which demand huge amounts of energy and have
high operation costs. Simultaneously, the wind energy
generated by the movement of high-speed rail vehicles is
completely abandoned. Therefore, a cost-effective supplement
to the electric power, gained by harvesting the wind energy
generated by high-speed rail vehicles, is urgently needed to
meet the power demands of signal and sensor networks. Here,
inspired by the features of TENGs, with low cost and the
ability to harvest various mechanical energy, we design a kind
of double-layer elastic rotation triboelectric nanogenerator
(ER-TENG) to harvest the wind energy generated by the
movement of high-speed rail vehicles, which can be installed
on both sides of the railway track at intervals (Figure 1a).
When a high-speed train passes through a railway section, the
wind energy generated will drive the ER-TENG to power the
signal and sensor network, realizing a self-powered system to
greatly reduce the operation cost of high-speed rail. As
depicted in Figure 1b, two ER-TENGs, with 12 TENG units
consisting of two printed circuit boards (PCBs) with 12 pairs
of Cu electrodes in parallel connection (stator) and an acrylic
board with 12 separate polytetrafluoroethylene (PTFE) and
Kapton films (rotor), are integrated (stator). Coupling the stiff

Figure 1. Structural design and working mechanism of ER-TENG. (a) Device configuration of double-layer ER-TENGs installed on both
sides of the railway track at intervals. (b) Schematic representation of the structure of the double-layer ER-TENG. (c) A geometric structure
design drawing of an ER-TENG. (d) The electricity generation principle of each TENG unit of the ER-TENG.
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Kapton film on the inside and PTFE film on the outside is used
to obtain a proper mechanical contact under low pressure and
decrease the driving force by virtue of the low friction
coefficient and low pressure. Meanwhile, the two ER-TENGs
are always working in phase. The shape and size of the PTFE
and Kapton films are designed by strict mathematical
combination, the details of which can be found in Figure 1c
and Supplementary Note 1. According to the balance of the
supporting force from electrodes and elastic force from Kapton
films, the ER-TENG can maintain effective contact in
operation to achieve a stable output (Figures S1 and S2).
Benefiting from the smaller friction coefficient of the PTFE
dielectric material, the friction force of the ER-TENG will
probably be reduced. In addition, good contact of the ER-
TENG is achieved under low pressure based on the elastic
structure, which can also significantly reduce the friction force

and thus prolong the life of the TENG by reducing the
corresponding wear. Importantly, by coupling the precise
combination of materials and elastic structure, a self-adaptable
function is also obtained to produce a constant and high
output under the operating condition of high rotation speed.
Therefore, according to the above factors, the friction force is
greatly reduced, and thus the ER-TENG can achieve effective
energy harvesting through a small driving force and realize a
longer service life. Notably, the good micro/nano structure on
the surface of PTFE dielectric materials is beneficial for the
improvement of the ER-TENG (Figure S3). A schematic of
electricity generation by each TENG unit of the ER-TENG is
displayed in Figure 1d. The PTFE dielectric film displays
negative charges while the Cu electrode obtains positive
charges since the electronegativity of the PTFE film is higher
than that of Cu (Figure 1d-i). When the PTFE dielectric film

Figure 2. Output performance of three kinds of TENGs with the different dielectric materials. (a) Transferred charges, (b) short-circuit
current, and (c) open-circuit voltage of three kinds of TENGs with the different dielectric materials. (d) Friction force of three kinds of
TENGs under different weights. (e) Maximum transferred charges of three kinds of TENGs under unit pulling force. (f) Output
performance retention rate of three kinds of TENGs after ∼50 000 testing cycles. SEM images of (g) PVC film surface, (h) FEP film surface,
and (i) PTFE film surface after ∼50 000 testing cycles.
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slides to the right, the negative charges of PEFE dielectric film
will induce the positive charges to flow from the left Cu
electrode to the right one. A corresponding current is then
generated (Figure 1d-ii). As the PTFE dielectric film
completely coincides with the Cu electrode on the right, all
the positive charges of the left Cu electrode transfer to the
right one (Figure 1d-iii). Similarly, when another PEFE
dielectric film reaches the left Cu electrode, the positive charge
on the right Cu electrode will return to the left one, and a
current occurs from right to left (Figure 1d-iv). The ideal
potential distributions of ER-TENG units under different
states are simulated by using COMSOL software (Figure S4
and Supplementary Note 2). As the dielectric material moves
on the surface of two Cu electrodes, an electric potential
distribution occurs, which shows how the alternating current is
generated during the movement of the dielectric material when
the two Cu electrodes are connected by an external circuit.

As one of the vital components, the dielectric materials
dominate the output performance of TENG. Among to the
triboelectric series of dielectric materials,31 polyvinyl chloride
(PVC), PTFE, and fluorinated ethylene propylene (FEP) are
three common dielectric materials with high output perform-
ance. However, which one is the most favorable dielectric
material for ER-TENGs was still an open question. Therefore,
TENGs fabricated from all three kinds of dielectric materials
were designed to research their relative performance (Figure
S5). As shown in Figure 2a−c, the transferred charges, short-
circuit currents, and open-circuit voltages of TENGs fabricated
by PVC, PTFE, and FEP are 38.5, 43, and 47.5 nC; 150, 160,
and 207 nA; and 124, 126, and 141 V, respectively. It seems
that all three dielectric materials are suitable for use as the
triboelectric material in ER-TENGs owing to their high output
performance. However, their friction properties vary a lot, as
tested by using different loading masses (Figure S6). It was
found that, although the friction forces of PVC, PTFE, and

Figure 3. Performance comparison between an ER-TENG and a RS-TENG. (a) Transferred charges, (b) short-circuit current, and (c) open-
circuit voltage of the ER-TENG under different pressures. (d) Transferred charges, (e) short-circuit current, and (f) open-circuit voltage of
the RS-TENG under different pressures. (g) Torque of the ER-TENG and RS-TENG under different pressures. (h) Maximum transferred
charges of the ER-TENG and RS-TENG under unit torque. (i) Long-term durability of the ER-TENG and RS-TENG.
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FEP all increase with the addition of pressure, that of the
TENG fabricated by PTFE is less than those with PVC and
FEP under the same pressure (Figure 2d). This result indicates
that a TENG fabricated by PTFE probably requires less extra
driving force, suffers reduced dielectric material wear, and
minimizes mechanical energy waste. The study of transferred
charges for the three kinds of TENGs under unit pulling force
suggests that the TENG fabricated by PTFE transfers 1.6 times
and 3 times more than the TENGs fabricated by FEP and
PVC, respectively (Figure 2e and Supplementary Note 3). The
output performance attenuation of the three kinds of TENGs
was further studied by the corresponding retention rate of the
transferred charges (Figure 2f). After about 50 000 operation
cycles, the TENGs made from PVC, FEP, and PTFE
maintained 76.57%, 87.4%, and 89.04% of the original outputs,
respectively. SEM images (Figure 2g−i) prove that the wear

and roughness of the PTFE film surface are lower than those of
PVC and FEP after 50 000 cycles. Therefore, based on
comparison of the performance of three kinds of dielectric
materials in sliding TENGs, PTFE is the best dielectric
material for ER-TENGs because of its high output perform-
ance, low friction force, and long stability.
Although RS-TENGs made by PTFE can obtain a high

output performance, high pressure is required to keep the close
contact, which would result in severe abrasion and high driving
force due to the increased friction force (Figure S7). Thus,
keeping effective contact under low pressure is crucial for
prolonging the working period of TENGs. Due to the design
with an elastic structure, ER-TENGs can achieve a high output
performance under a low pressure (Figure S8). Therefore, we
compared the performance of a RS-TENG and an ER-TENG
under different pressures. As shown in Figure 3a−c, the

Figure 4. Output performance of the double-layer ER-TENG under different testing conditions. Top panels: (a) Transferred charges, (b)
short-circuit current, and (c) open-circuit voltage of the double-layer ER-TENG with different rotation speeds of the motor. Middle panels:
Average power resistance profiles of double-layer ER-TENG, ER-TENG1, and ER-TENG2 under rotation speeds of (d) 200, (e) 400, and (f)
600 rpm. Bottom panels: (g) 100 μF, (h) 330 μF, and (i) 470 μF charging of capacitors by the double-layer ER-TENG at different rotation
speeds of the motor.
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transferred charges, short-circuit current, and open-circuit
voltage of the ER-TENG increased from 0.06 to 0.95 μC, from
5.5 to 39 μA, and from 110 to 850 V at 0 and 10 N,
respectively. Meanwhile, as displayed in Figure 3c−f, the
transferred charges, short-circuit current, and open-circuit
voltage of the RS-TENG increased from 0.08 to 0.95 μC, from
3.5 to 37 μA, and from 70 to 640 V at 0 and 30 N, respectively.
Therefore, compared with the RS-TENG, the load on the ER-
TENG, with self-adaptable function due to the elastic
structure, is one-third of that on RS-TENG under the same
output. The main reason is that the elastic contact structure of
ER-TENG allows it to achieve good contact under lower
pressure, while RS-TENG has a hard contact structure and
needs higher pressure to achieve effective contact. In order to

study the energy collection efficiency of the two kinds of
TENGs, the corresponding driving torques of two TENGs
were measured (Figure S9 and Figure 3g). It is found that,
although the torques of both TENGs increase with pressure,
the amount of transferred charges of the ER-TENG under unit
driving torque is 2 times higher than that of the RS-TENG
(Figure 3h). Therefore, the input energy for the ER-TENG is
only half that of the RS-TENG, and the energy collection
efficiency of the ER-TENG is doubled. More importantly, the
stability of the ER-TENG was also investigated for more than
500 000 operation cycles at the high rotation speed of 200
rpm, which is based on the rotation speed of the ER-TENG in
the simulated wind. The transferred charge output of the ER-
TENG compared with that of the conventional RS-TENG

Figure 5. Application and output performance of ER-TENGs in the wind. (a) Transferred charges, (b) short-circuit current, and (c) open-
circuit voltage of a double-layer ER-TENG in simulated wind. (d) Peak power and average power resistance profiles of a double-layer ER-
TENG. (e) Double-layer ER-TENG as a power source for a traffic light. (f) Charging curves of 47, 100, 220, and 330 μF commercial
capacitors. (g) Charging curve of the two 220 μF commercial capacitors simultaneously driving a hygrothermograph. Inset photo shows the
hygrothermograph in use. (h) Photograph of a double-layer ER-TENG as a power source to drive a hygrothermograph. (i) Prospects for ER-
TENGs and their application in an intelligent high-speed train system.
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demonstrated that ER-TENG exhibits remarkable long-term
durability, maintaining 80% electric output after 250 000
operation cycles, while the electric output of the conventional
RS-TENG sharply declines to 17% after only 30 000 cycles
(Figure 3i). The reason for this is that the ER-TENG has less
friction torque than the conventional RS-TENG. These
advantages indicate that ER-TENGs have the advantages of
less driving force, higher energy collection efficiency, and
longer durability than RS-TENGs.
To improve the power output and optimize the structure

design, we fabricated a double-layer ER-TENG, composed of
the upper ER-TENG1 and the lower ER-TENG2 in parallel
(Figure 1b). It features many distinct advantages: (1) excellent
triboelectrification performance of PTFE to ensure high output
performance; (2) elastic structure design to keep good contact
effectiveness and achieve a higher output performance and
higher energy-harvesting efficiency under a lower driving
torque; (3) less pressure needed by the elastic structure to
reduce the friction torque and improve the durability of
double-layer ER-TENG. As depicted in Figure 4a−c, a
transferred charge as high as 2.2 μC can be realized. In
addition, the short-circuit current increases from 0.26 to 0.48
mA with increasing rotation speed from 200 to 600 rpm, and
the open-circuit voltage follows the same trend from 690 V
(200 rpm) to 1200 V (600 rpm). The root-mean-square
(RMS) value of the short-circuit current increases from 0.16 to
0.35 mA with rotation speeds from 200 to 600 rpm, and the
RMS value of the open-circuit voltage increases from 450 to
725 V, accordingly (Supplementary Note 4). Because the
double-layer ER-TENG consists of ER-TENG1 and ER-
TENG2, the output performance of the individual ER-
TENGs, displayed in Figures S10 and S11, indicates that the
transferred charges and short-circuit current of the double-
layer ER-TENG are the sums of the upper (ER-TENG1) and
lower RS-TENG (ER-TENG2) owing to the simultaneous
phase states during the working process. In addition, we find
that the output performance of ER-TENG2 is slightly higher
than that of ER-TENG1. The reason is that the ER-TENG2 is
in the lower part, which has a larger pressure and better contact
due to the effect of gravity on the rotor itself. Figure 4d−f
shows the average power-resistance profiles of ER-TENG1,
ER-TENG2, and double-layer ER-TENG, which indicates that
the highest average power of double-layer ER-TENG increases
from 15 to 47 mW with the change in the rotation speed of the
rotating motor from 200 to 600 rpm. Meanwhile, the peak
power-resistance profiles of ER-TENG1, ER-TENG2, and
double-layer ER-TENG presented in Figure S12 show that the
peak power of double-layer ER-TENG increases from 54 to
114 mW with the change in the rotation speed of the rotating
motor from 200 to 600 rpm. It is obvious that the power of
double-layer ER-TENG is equal to the sum of the power of
ER-TENG1 and ER-TENG2. In addition, to further measure
the output performance for practical application, the double-
layer ER-TENG under various rotation speeds was used to
charge the capacitors of 100, 330, and 470 μF, respectively
(Figure 4g−i). Following the circuit diagram shown in Figure
S13, it takes double-layer ER-TENG 2, 3, and 5 s, respectively,
to charge the capacitor of 100 μF from 0 to 5.5 V at rotation
speeds of 200, 400, and 600 rpm. Compared with the charging
curves of ER-TENG1 and lower ER-TENG2 displayed in
Figures S14 and S15 and the circuit diagram presented in
Figure S16, the double-layer ER-TENG composed of ER-
TENG1 and lower ER-TENG2 can charge the capacitor faster

under the same conditions. Therefore, benefiting from the
higher output performance, the ER-TENG can effectively
harvest the wind energy generated by high-speed trains.
Finally, we research the output performance of the ER-TENG
under different humidity and temperature (the rotation speed
is 60 rpm), which are two important factors that affect the
output performance of TENGs. The output performance of
ER-TENG decreased with increasing humility and temperature
(Figures S17−S19). The relative reasons are that the
adsorption of water molecules on the surface of dielectric
materials and the hot electron emission of electrons on the
surface of dielectric materials will reduce the surface charge
density of the dielectric materials.32,33 These issues will be
addressed by surface modification in future work.34

As a kind of device that converts rotating mechanical energy
into electrical energy, the ER-TENG needs the assistance of a
wind blade to realize the collection of wind energy. Therefore,
to better demonstrate the application of ER-TENGs in
intelligent high-speed train systems, we fabricated a windmill
with vertical blades to combine with the double-layer ER-
TENG (Figure S20) to harvest the wind energy generated by
high-speed trains. In the relevant research, the wind speed of
our simulated wind field was about 20 m s−1, which is far less
than the stable wind speed of 100 m s−1 generated by the high-
speed railway. Therefore, the ER-TENG can be expected to
generate higher output performance in the wind generated by
the high-speed railway. Under the driving force of simulated
wind (Figure 5a−c), the transferred charges, short-circuit
current, and open-circuit voltage of our double-layer ER-
TENG are 0.9 μC, 120 μA, and 600 V, respectively.
Meanwhile, the double-layer ER-TENG can achieve RMS
values of current and voltage of 68 μA and 370 V, respectively.
The output power of the double-layer ER-TENG, as shown in
Figure 5d, shows that the peak power and average power are
29.1 mW and 9.5 mW, respectively, at a loading resistance of
50 MΩ. As displayed in Figure 5e and Movie S1, the double-
layer ER-TENG can power a set of traffic lights composed of
red, yellow, and green LED arrays (total power 6 W) by
harvesting the wind energy using the corresponding circuit
depicted in Figure S21. As a wind-energy-harvesting device, the
double-layer ER-TENG generates electricity that can also be
stored in capacitors or batteries to power functional electronic
devices. For harvested wind energy, the charging curves of
different capacitors charged by the double-layer ER-TENG are
displayed in Figure 5f, and the detailed circuit is shown in
Figure S13. It takes only 2.5, 6.0, 15, and 25.5 s to charge 47,
100, 220, and 330 μF capacitors to 1.0 V, respectively. More
importantly, as a wind energy harvester, the double-layer ER-
TENG can power the sensors and the energy storage device
simultaneously. A self-powered railway environment monitor-
ing system is achieved by integrating a double-layer ER-TENG
with two commercial capacitors (220 μF) in series (energy
storage device) and a commercial hygrothermograph (sensors)
as depicted in Figure S22. The voltage of the two commercial
capacitors is monitored by a potentiostat at different double-
layer ER-TENG working conditions, as shown in Figure 5g.
Initially, the voltage of the two commercial capacitors (220
μF) in series decreases by powering the commercial
hygrothermograph when the double-layer ER-TENG is not
connected to the circuit. Then the voltage of the two
commercial capacitors (220 μF) in series increases when the
double-layer ER-TENG starts to work, driven by the wind.
This suggests that double-layer ER-TENGs can not only offset
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the consumption of power by the commercial hygrothermo-
graph but also charge the two commercial capacitors (220 μF)
in series. However, as the double-layer ER-TENG stops
operating, the voltage of the two commercial capacitors (220
μF) in series is reduced due to the consumption by the
commercial hygrothermograph. The inset photograph in
Figure 5g depicts the commercial hygrothermograph in the
working stage. According to the advantages of the excellent
harvesting ability of double-layer ER-TENGs for wind energy,
a double-layer ER-TENG can directly drive sensing devices
(for example, a hygrothermograph) without any assistance
from electronic device components; this is demonstrated in
Figure 5h and Movie S2, and the related circuit is presented in
Figure S22. The installation of double-layer ER-TENGs along
a railway section, which are used to harvest the wind energy
generated by the high-speed train in situ as it passes through
the railway section and can directly power small signal devices
or sensing devices in the related railway section to work for a
short time, shows great potential for application in intelligent
high-speed train systems (Figure 5i). First, the double-layer
ER-TENGs can power the sensor networks of railway bridge
monitoring,35 track data monitoring,36 and railway meteoro-
logical monitoring when installed in the specific railway
sections. Second, they can drive the hazard alarm devices and
signal devices to ensure the safe and stable operation of the
railway system. Finally, double-layer ER-TENGs would
simplify the function of the existing high-speed rail vehicles
and reduce the energy consumption of the vehicles. For
example, the double-layer ER-TENGs can supply power for
wireless networks and other devices, and they can be installed
on both sides of the track rather than on the high-speed trains
to meet the requirements of passengers. Therefore, based on
their low cost, higher energy-harvesting efficiency, and longer
service life, double-layer ER-TENGs can supply power for
large-scale high-speed railway signal and sensor networks.
Their use also provides a potential strategy for the future
construction of an intelligent high-speed railway system.
In summary, an elastic rotation triboelectric nanogenerator

(ER-TENG), which can be installed on both sides of the track,
is designed to harvest wind energy generated by high-speed rail
to power signal devices and sensing devices in situ. The
reasonable selection of the dielectric material for the ER-
TENG and the design using an elastic structure are conducive
to reduce the friction force and wear of TENGs and improve
their energy efficiency and durability. Therefore, compared
with conventional RS-TENGs, the energy-harvesting efficiency
of ER-TENGs is doubled, and the durability of ER-TENGs is
increased by a factor of 4. Furthermore, ER-TENGs offer the
advantages of simple fabrication, low cost, and higher energy-
harvesting efficiency, and a double-layer ER-TENG can power
commercial traffic lights and sensing devices driven by
simulated wind, displaying the significant potential applications
of ER-TENGs in an intelligent high-speed train system. In a
word, this work provides a potential strategy for the
construction of an intelligent high-speed railway system in
the future. More importantly, the relative research offers an
idea for the large-scale development of a distributed energy
resource.
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