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As a leading and potential renewable energy alternative, harvesting wind energy has become an essential
solution to global energy challenges. However, wind turbines face challenges in harvesting wind energy
due to their relatively high cost and limitations associated with the operating wind speed. To overcome
these challenges, we propose a fluttering wind-driven triboelectric nanogenerator, mainly achieved by
changing the vibration triboelectric layer. Conclusively, wind flow can be converted into electric power
at airflow speeds up to 81 m s~ at a significantly low cost. A higher-frequency signal output was realized
for the same wind speed, eventually reaching the frequency of 12 260 Hz. At the same time, we achieved
more than 3000 V voltage output by changing the size of the fabricated device. This work provides
a pioneering strategy for harvesting energy across a broad range of wind speeds, showcasing the
advantages of effective wind energy collection at extremely high speeds producing ultra-high output

rsc.li/materials-a

1. Introduction

As a result of global warming and the scarcity of fossil fuels, it is
crucial to search for low-cost and renewable clean energy
sources to convert renewable forms of energy into electrical
energy.”™ Wind power generation is a particularly promising
form of renewable energy. Due to its large energy capacity and
cost-effectiveness, it has gradually attracted the attention of
researchers.”® However, at present, the utilization of wind
energy on the earth is not sufficient, especially the high-altitude
ultra-high-speed wind energy is still lacking in collection and
utilization. This part of energy accounts for a large proportion of
wind energy, so it is necessary to collect such ultra-high wind-
speed energy.’ Typically, wind turbines are the primary
devices for converting wind flow into electricity. However, the
structure of wind turbines limits their scope of application.****
Most importantly, due to the limitations of the operational
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frequency; addressing their advantages over conventional wind energy harvesting technologies.

rated speeds, conventional electromagnetic generators
continue to face challenges in collecting wind energy at ultra-
high speeds. The operating wind speed of traditional wind
turbines is usually lower than 30 m s~*. When the wind speed
exceeds this threshold, the blades and supporting structures are
subjected to increased mechanical stress, which may lead to
deformation and even damage of the wind turbines, causing
serious safety hazards and reducing energy conversion effi-
ciency. The triboelectric nanogenerator (TENG) is a new type of
energy harvesting technology for collecting high-entropy
energy. It can effectively convert wind energy into electrical
energy and thus has received extensive attention.'*¢

In recent years, TENG has been widely used for wind energy
harvesting. Its advantages include cost-effectiveness, high
output voltage, material flexibility, and a simple manufacturing
process.””™ Additionally, TENGs do not generate strong
magnetic fields and produce minimal noise during operation.
Thanks to their flexible and scalable structural design, TENGs
can be easily integrated with infrastructure such as buildings
without causing adverse effects on living organisms or the
environment. In terms of device structure, TENGs designed for
wind energy harvesting can generally be divided into two cate-
gories: namely, rotating structures®*? and fluttering struc-
tures.®'>?*?* Due to the limitation of the structure, the rotating
TENG will lose part of the energy in the form of heat, and it is
easily damaged under high-speed conditions and is difficult to
use widely.” In contrast, TENG based on flutter/vibration
structure can reduce energy loss and collect wind energy
under breeze/ultra-high speed. In addition, the TENG based on
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the flutter structure is easier to integrate into the array and
provides higher output frequency.>® Currently, there is relatively
few research studies on wind energy collection under ultra-high
speeds. In this regard, the majority of research to date has
primarily focused on wind energy collection at speeds below
35 m s~'. In comparison, it is necessary to address extreme
speeds (>35 m s ') to improve the overall performance of
TENGS. In our research, TENG is used to collect wind energy
under the condition of speed exceeding 81 m s~ *, and the ultra-
frequency signal (12260 Hz) is realized, which provides an
effective way to realize the conversion of ultra-high-speed wind
energy into electric energy.

Here, we report on a novel double-ended fixed fluttering
structure triboelectric nanogenerator that can collect wind
energy and convert it into electrical energy with a high voltage
output at extreme speeds exceeding 81 m s~ . Furthermore, our
research demonstrated that the wind-driven TENG produces
high-frequency signals, with the highest output signal
frequency reaching 12 260 Hz, and the time interval between
two signal peaks is at least 70 us. This represents a significant

a Electromagnetic generator (EMG)
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improvement compared to conventional electromagnetic
generators and previously reported technologies in the litera-
ture. We have also designed a double-ended TENG with an
effective vibration length of 1 m, which can produce an output
voltage exceeding 3000 V to address a wider range of applica-
tions in urban settings, such as collecting wind energy gener-
ated by urban rail subways and high-speed trains.

2. Results and discussion

2.1. TENG principle and comparison

In Fig. 1a, a physical representation of a commercially available
conventional micro three-phase alternating current electro-
magnetic generator (EMG) is shown, along with an explanation
of its working principle. The first step in the working principle
is to capture the kinetic energy from wind flow in the natural
environment through a wind turbine. This kinetic energy is
then converted into rotational mechanical energy, which drives
the rotation of an electromagnetic generator. By using electro-
magnetic induction, the rotational mechanical energy is
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Fig. 1 TENG principle and comparison. (a) Image and working schematic of commercial EMG. (b) Image and working schematic of the
developed TENG. (c) Comparison of the correlation coefficients between EMG and TENG. (d) Measured maximum with-stand wind speed and

frequency, which are compared with recent studies.
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transformed into electrical energy. The principle behind the
generator involves using a rotating magnet and three sets of
fixed coils that intersect the rotating magnetic flux lines,
thereby generating three-phase asynchronous currents, as
shown in the lower part of Fig. 1a. Fig. 1b (upper part) illustrates
the TENG specifically designed for wind energy harvesting. It
employs a dual-ended fixed structure, with acrylic plates serving
as the stationary support and copper foils acting as both upper
and lower electrodes. Additionally, a polyimide (PI) film is used
as the vibrating layer to generate signals through friction with
the electrodes. The reader can refer to Fig. S1t for a schematic
representation of the device structure. The lower part of Fig. 1b
illustrates the working principle of TENG. The working prin-
ciple of this device is to capture the kinetic energy of the wind,
resulting in the intermediate friction layer vibrating and
coming into contact with the friction materials on the upper
and lower surfaces. Through frictional electrification and elec-
trostatic induction, the TENG generates an internal potential
difference that leads to a flow of charge between the top and
bottom electrode, thereby converting wind energy into electrical
energy. When there is no wind, the PI film does not vibrate, so
no charge transfer occurs, and no electrical signal is generated.
When the wind blows, the PI film flutters upward and down-
ward; when it vibrates upward due to electrostatic induction,
the charge is gradually transferred to the Cu electrode on the

400
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bottom surface, and the electron flow is shown in the diagram.
When the PI film vibrates downward, charges gradually transfer
to the upper surface of the Cu electrode in the direction shown
in Fig. 1b. This process repeats as the PI film flutters in an
airflow. In Fig. 1c, the parameters of the TENG with an effective
vibration size of 110 mm X 11 mm are compared with those of
a commercial wind-driven micro-EMG. This demonstrates that
the TENG can achieve higher voltage and higher signal output
frequency, withstand higher speed at lower cost, and have
a lower cost per square centimeter of wind-facing area. These
highlighted advantages of our TENG compared to the EMG
underscore the significance and potential importance of the
new device structure. Table S11 outlines the estimation of TENG
costs and the unit prices of components. In recent years, there
has been extensive research on TENG for collecting low-speed
wind (breeze), but there has been little research on under-
standing the operation of a TENG at ultra-high speeds
(>35 m s~ '). Here, the TENG was capable of operating at
81 m s %, and a reduction in the device size enabled us to
achieve a TENG with a higher frequency output signal at the
same speed. The signal frequency can be as high as 12260 Hz
for a TENG with device dimensions of 10 mm x 3 mm. A
comparison of the maximum speed affordable and the
maximum frequency achievable, as reported in previous litera-
ture, is shown in Fig. 1d."**?**° This also highlights that
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Fig.2 Performance comparison of EMG and TENG at different wind speeds. (a) Output voltage of EMG at wind speeds of 5-29 m s~ (b) Output
voltage of TENG at wind speeds of 5-29 m s~% (c) Comparison of output signal frequency of EMG and TENG at various wind speeds. (d)
Comparison of average signal peak output voltage of EMG and TENG at various wind speeds.
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compared to previously published wind harvesting TENGs, our
TENG excels in withstanding higher speeds while achieving
a high-frequency output, which provides possibilities for wind
energy collection across a broader range of speed conditions.

2.2. Performance comparison of EMG and TENG at different
speeds of the wind

In Fig. 2a, the load voltage produced by the EMG at speeds
ranging from 5 to 29 m s~ " is illustrated, while Fig. 2b illustrates
the voltage signals of the TENG at the same speeds as the wind.
This indicates that the TENG can operate at lower speeds.
Furthermore, the voltage signal generated by TENG is notably
higher than that of the EMG. By increasing the voltage, the
current on the transmission lines can be reduced, thereby
decreasing line losses and making power transmission more
efficient. We come across the following conclusions by extract-
ing the voltages and frequencies in Fig. 2a and b for compar-
ison. In Fig. 2¢, we compare the frequency (f) of the electrical
signals generated by both the TENG and EMG at different
speeds. When the speed is 29 m s, the frequency of the
electrical signal generated by the EMG is 31.9 Hz. In contrast,
the frequency of the output signal generated by the TENG is
439 Hz, approximately 13.7 times higher than the frequency of
the EMG. This observation indicates that the frequency of the
signal generated by EMG is much lower than that of TENG. The
explanation lies in the benefits of the TENG structure we
devised, where the vibrating layer is a thinner dielectric film,
generating signals through the vibration of the dielectric film
and friction with the electrodes. When the wind blows, the
faster the frequency of the dielectric film's vibration, the higher
the frequency of the generated signals. However, the EMG
generates electricity by rotating around an axis, driving the
rotation of the generator. The frequency of the generated signal
is directly proportional to the rotational frequency. However,
the rotational frequency of the EMG is much lower than the
vibration frequency of the TENG's vibrating layer. Therefore, the
TENG produces a higher signal frequency. In Fig. 2d, a signifi-
cant difference is observed in the average output voltage signals
of the EMG and TENG at various speeds. Notably, at a speed of
11 m s~ ', the voltage produced by the TENG is about 30.8 times
higher than that of the EMG.

In general, the output power (P) of TENG is shown as the
following equation:

U2
R

P= 1)

where U represents voltage, and R is external total resistance, as
shown as following equation:

_ R0><r
N R0+r

(2)

where r is the oscilloscope’s internal resistance (in this case, r =
10 MQ), R, is the external load resistor, and R is the resistance
value after the parallel connection of r (oscilloscope) and R,
(electrical load). Voltage measurements were conducted on
both the EMG and TENG at varying speeds for different load
resistances, facilitating the determination of output power at
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various wind velocities, as shown in Fig. S2a and b.T The voltage
curves corresponding to the maximum power point were then
processed, and integration was performed to obtain energy as
follows:

Ezj%zdt (3)

where U symbolizes the voltage, R denotes the external total
resistance, and t signifies time, which can be considered as
representing energy (E). Fig. S2c and df illustrate the wind
energy (E) of both the EMG and TENG at different speeds
respectively.

2.3. Performance and influencing factors of TENG operating
at ultra-high speeds

It is deduced that the designed TENG's output performance may
depend on factors such as the choice of material and thickness
of the vibration layer, as well as the size of the TENG. Therefore,
a range of conditions were examined to substantiate this
hypothesis. To begin with, we experimented with different
materials for the vibration layer of the TENG, which had an
effective vibration size of 110 mm x 11 mm. We used various
dielectric films, each with a thickness of 50 um, such as poly-
amide66 (PA66), polyamide6 (PA6), polyimide (PI), fluorinated
ethylene propylene (FEP), and polyethylene (PE). These films
were selected to create friction and contact with the copper
electrodes, generating triboelectric charge. The effective vibra-
tion size here indicates the area inside the double-ended fixed
structure that may be involved in the contact separation mode
for triboelectrification, which is different from the total size of
the device. Subsequently, we evaluated the output voltage
signals at varying speeds (ranging from 9 m s~ * to 81 m s %).
Concurrently, additional conductive metal sheets, each with
a thickness of 50 um (comprising stainless steel, aluminum,
and copper sheets), were employed to generate friction with
a dielectric PA6 film. Subsequently, we measured their output
voltage signals at different speeds, as shown in Fig. S4.F Fig. S3}
demonstrates a schematic of the structure when the metal sheet
interacts with the PA6 film through friction. Subsequently, for
each speed, we compared the average peaks in the output
voltage signal obtained from the friction between different
dielectric films and copper electrodes (Fig. 3a). In addition, we
compared the voltages generated by friction between the
different metal sheets and PA6 film at varying speeds (Fig. 3b).
Through our comparisons, we determined that when selecting
avibrating layer with the same thickness, metal sheets are more
prone to damage and generally produce lower voltage signals
compared to dielectric films. Further on comparing the dielec-
tric films, when the vibration layer is a PI film, it is able to
continue to generate a high voltage, even at 81 m s~ speeds. In
addition, compared with other evaluated materials, PI films
exhibit excellent mechanical properties and friction resistance.
Under the condition of ultra-high wind speed, the PI film is not
easy to break or deform excessively, and can maintain good
vibration stability. Based on these characteristics, we chose the
PI film as the material of the vibration layer.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Performance and influencing factors of TENG under high wind speeds. (a) Average voltage signal peaks of TENG with a dimension of
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speed (e) of the TENG with a 50 um PI film vibration layer at different sizes. (f) Output voltage of the 110 mm x 11 mm TENG with a 50 pm P! film

as vibration layer at different wind speeds.

With the friction material determined and optimized, the
next step was to adjust the thickness of the vibration layer. For
a TENG with an effective vibration size of 110 mm x 11 mm, we
used PI films with thicknesses of 30, 50, 75, 150, and 200 um,
respectively, and evaluated their output voltages at different
speeds (Fig. S5t). As shown in Fig. 3c, when comparing the
average signal peaks of voltage values, we observed that using
a very thin PI film resulted in the vibration layer breaking easily
at high speeds. In contrast, if the vibration layer was too thick, it

This journal is © The Royal Society of Chemistry 2025

led to suboptimal vibration and lower voltage generation. In
addition, a thick vibration layer may pose challenges in initi-
ating the system at low speeds. Therefore, we opted for a 50 pm
thick PI film as the vibration layer since it produced a stable and
relatively high voltage output. To investigate the performance of
TENG further, we explored TENGs of different sizes, maintain-
ing a fixed aspect ratio between their length and width.** We
systematically investigated the output voltage signals of TENG
devices of different sizes, ranging from an effective vibration
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size of 15 mm x 1.5 mm to 110 mm x 11 mm, under varying
speeds (Fig. S61). By comparing the average output voltage
signals of TENGs of different sizes, we observed that a larger
sized TENG corresponds to larger frictional areas which result
in higher output voltage signals (Fig. 3d). In addition, as shown
in Fig. 3d, the cut-in wind speed increased as the device size was
decreased. Furthermore, with increasing wind speed, the signal
gradually increases; however, when the wind speed reaches
a certain value, the signal tends to stabilize and no longer
increases. In Fig. 3e, experiments were performed to determine

View Article Online
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the output power (P) of TENGs with different dimensions. The
device sizes were varied, spanning from an effective vibration
dimension of 30 mm X 3 mm to 110 mm x 11 mm, under
a constant wind speed of 50 m s~ *. Noticeably, the output power
demonstrated an upward trend and was concurrent with the
enlargement of dimensions of surface area; this can be related
to the increased surface. Among them, the largest TENG has an
output power of 8.9 mW. Finally, in Fig. 3f, we present the
electrical signals of the TENG with an effective vibration size of
110 mm X 11 mm, using a 50 pm thick PI film as the vibration
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Fig. 4 Achieving high frequency signals in TENGs under ultra-high wind speeds. (a) Output single frequency of the TENG with a dimension of
110 mm x 11 mm when the vibration layers are 50 um dielectric films in frictional contact with Cu electrodes at different wind speeds. (b) Output
single frequency of the TENG with a dimension of 110 mm x 11 mm when the vibration layers are 50 pm metal sheets in frictional contact with
PAG film at different wind speeds. (c) Output single frequency of the TENG with a 50 pm Pl film vibration layer with different sizes at different wind
speeds. (d) Output single frequency of TENG with dimensions of 70 mm x 7 mm at different vibration layer thicknesses at different wind speeds.
(e) Output single frequency of TENG with dimensions of 10 mm x 3 mm x 1 mm at 81 m s~ wind speed.
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layer and friction with copper electrodes at different wind
speeds. An experimental video can be found in Video S1,t which
showecases the signal variations in the TENG as the wind speed
rises, highlighting its sustained operation even at speeds
surpassing 81 m s '. To protect the device and prevent the
vibrating layer from breaking, we not only optimized the
material, thickness, and size of the vibrating layer but also
introduced a sponge as a damping layer. This design effectively
alleviates the stress on the vibrating layer and reduces the risk
of damage. Additionally, we designed the surrounding spacers
of the vibrating layer as circular rings to further distribute the
stress on the vibrating layer, thereby extending the service life of
the TENG. Fig. S8bf illustrates the breakdown thresholds of the
devices at various wind speeds.

2.4. Achieving high-frequency signals in TENGs at ultra-high
wind speeds

High-frequency signal output is an effective way to reduce
energy loss, while greatly improving energy conversion effi-
ciency and increasing instantaneous energy density. With the
continuous advancement of semiconductor technology and
electronic circuits, the frequency of pulse power supplies will
continue to increase, thereby achieving higher energy transfer
efficiency and a wider range of applications. Fig. 4 illustrates the
factors influencing the frequency of the output signal generated
by the TENG devices. Fig. 4a and b show the frequencies of the
signals generated by different materials when used as the
vibration layer. This observation indicates that the signal
frequency increases with an increase in wind speed, irrespective
of the material used and whether or not they are conductive
metal sheets or dielectric polymer films. Notably, the vibration
frequencies of dielectric films are considerably higher than
those exhibited by metal sheets. The influence of using different
sizes of TENGs on the output signal frequency is significant; in
Fig. 4c, a comparison is drawn among signal frequencies
produced by devices for a range of sizes, spanning from an
effective size of 15 mm X 1.5 mm to 110 mm X 11 mm, for
different wind speeds. Fig. 4c reveals that a smaller device size
consistently yields a higher signal frequency, and this trend
becomes more pronounced as the device size decreases. When
the effective vibration size is 15 mm x 1.5 mm, and the thick-
ness of the vibration layer is 50 um, the frequency generated is
6520 Hz at awind speed of 81 m s~ . It is interesting to note that
the thickness of the vibration layer plays an important role in
determining the frequency of the output signal of the device.
Fig. S7f shows the voltage signals generated when a TENG with
dimensions of 70 mm x 7 mm is evaluated using vibration
layers with different thicknesses (10, 30, 50, 75, 150, and 200
pm) on being subjected to varying wind speeds. The reason for
selecting a TENG of this size is that it enables the exploration of
a broader range of vibrating layer thicknesses, thereby
enhancing the scientific rigor of the experiment. Moreover, this
size helps to reduce the damage of the vibration layer caused by
ultra-high wind speed and ensure the stability and reliability of
the experimental process. By calculating and comparing the
frequency of voltage signals, it can be determined that a thinner

This journal is © The Royal Society of Chemistry 2025
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vibration layer thickness results in higher vibration frequencies
and, consequently, higher signal frequencies. However, thinner
vibration films are more prone to breakage and failure at high
wind speeds. Conversely, thicker vibration films yield signifi-
cantly lower signal frequencies, as shown in Fig. 4d. After
investigating and understanding the factors affecting output
signal frequency, a TENG was constructed capable of high-
frequency output by selecting small device dimensions and
thinner vibration layers for our subsequent tests. We selected
TENG devices with an effective vibration size of 10 mm x 3 mm,
employing a 5 um thick PI film as the vibration layer, and tested
their voltage signals at a wind speed of 81 m s~ (Fig. S8at). Our
analysis determined that the frequency of the output signal
could reach 12 260 Hz, with a minimum time interval of only 70
us between two peaks and the average time interval between two
wave peaks is 80 ps, as shown in Fig. 4e. This highlights the
TENG's capability to achieve a high frequency signal output.
Here, we calculate the frequency of the signal it generates by
analyzing the peaks of the signal data per unit of time. By
increasing the frequency of the output signal, the current
frequency becomes higher, causing the impedance to increase
and thereby reducing the magnitude of the current. This
effectively minimizes energy losses, leading to an improved
energy output efficiency.

2.5. Performance and applications of larger-scale meter-
dimension TENGs

In Fig. 5, we expand the dimensions of the TENG to evaluate its
performance and applications in further detail. Fig. 5a show-
cases the progressively enlarged dimensions of the TENG, with
the largest device achieving an effective vibration length of 1 m.
In contrast to previous devices, we replaced the original acrylic
substrate and copper foil electrode with a 5 mm thick
aluminum alloy electrode plate, allowing the enlarged device to
maintain its robustness and mechanical stiffness, while also
achieving a high signal output. Subsequently, we employed an
air blower to evaluate its output current and voltage signals
when subjected to an average wind speed of 18 m s™*, as shown
in Fig. 5b and c. Due to the large outlet of the blower and uneven
wind distribution, we selected twenty-one different positions
laterally across the air blower and conducted ten wind speed
measurements at each position. The attained average wind
speed was 18 m s~ and the fluctuation in average wind speed
across distinct positions is delineated in Fig. S9a.f To empha-
size the performance of the meter-sized device, we tested the
output power and energy of devices with effective vibration sizes
spanning 10 cm x 1 cm to 100 cm x 10 cm at a wind speed of
18 m s *. The highest output power reached 132 mW. In Fig. 5d
and e, a comparison of the output power for different device
sizes and the maximum output power and energy is presented.
Consequently, we observed that the output power and energy
increase with device size; however, when the device size reaches
a certain threshold, the increase becomes less pronounced.
This phenomenon may be attributed to charge loss in the fric-
tion layer due to increased size. In order to compare our device
with the output signals of an electromagnetic generator at the
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