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ARTICLE INFO ABSTRACT

Keywords: Constructing self-powered sensors or systems is an effective method to meet the power consumption re-
TENG quirements of millions and billions of distributed electronic devices. As a ubiquitous, clean, and renewable
Self-powered system energy source, wind energy plays an important role in power supply. Compared with traditional wind electro-
xizj;‘;:gystructural design magnetic generators, wind triboelectric nanogenerator (wind-TENG) has unique advantages such as lightweight,
Hybrid Wind-TENG-EMG low cost, and low start-up wind speed, which are more suitable for driving the above-mentioned distributed
Power management circuit electronic devices. In this review, the recent progress of wind-TENG from basic working principles to practical
applications is systematically summarized. First, the recent progress of wind-TENG in terms of structural design
and start-up wind speed is reviewed. Subsequently, the power management principle as well as the related circuit
design of the wind-TENG are introduced. Furthermore, the development of self-powered systems based on wind-
TENG in agriculture, transportation, and environment monitoring fields is reviewed. Finally, some perspectives

and challenges for the future development of wind-TENG are also discussed.

1. Introduction

With the rapid development of electronic technology, sensing tech-
nology, and the Internet of Things (IoT), the number of connected ter-
minals is growing exponentially. Millions and billions of sensors or
systems will require power, leading to a substantial increase in energy
consumption [1]. Since the IoT terminals are often widely distributed,
traditional power supply methods, such as cabling, are expensive and
difficult to change once installed. The conventional approach of using
batteries presents challenges, as they contribute to environmental
pollution and require maintenance when depleted [2]. In this context,
harvesting energy from the ambient environment and developing
self-powered sensors and systems offer practical solutions to meet the
energy demands of distributed applications. Ambient energy sources,
including solar [3], vibration [4,5], wind [6], and hydroenergy [7],
among others [8,9], will play a great role in the power supply for future
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technologies. Wind energy, in particular, is one of the most important
clean and renewable energy sources, contributing approximately 4.3 %
of global electricity generation [10]. Given its abundance, wind energy
has attracted considerable attention for energy harvesting.

Traditional wind energy harvesting using electromagnetic genera-
tors (EMGs) is based on the principle of electromagnetic induction [11]
(Fig. 1a). EMGs typically have low impedance, resulting in high current
and low voltage output (Fig. 1b). Another promising technology for
energy harvesting, the triboelectric nanogenerator (TENG), was pro-
posed in 2012 by Prof. Zhong Lin Wang [12]. It converts the wind energy
into electricity based on the triboelectric effect and electrostatic in-
duction [13] (Fig. 1¢). The TENG has high voltage, low current, and high
impedance output characteristics (Fig. 1d) [14,15]. Notably, the output
power per unit volume of TENGs is higher than that of EMGs (Fig. 1e),
allowing TENGs to be designed as lightweight, small, and cost-effective
devices. Additionally, EMGs exhibit inferior performance at low
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operating frequencies. Compared with EMGs, TENGs show a much
better performance at low frequency (typically < 5 Hz) [16] (Fig. 1f),
making them highly advantageous for low-frequency wind energy har-
vesting. Furthermore, TENGs can be fabricated with a wide range of
materials, such as films [17-19], rabbit hair [20], fiber [21], metal foil
[22], and nanoparticles [23]. This versatility gives TENGs significant
potential for self-powered applications across various scenarios.
Recent progress has increasingly focused on the practicability of self-
powered applications [24]. A commonly employed strategy involves
using triboelectric nanogenerators (TENGs) to charge a capacitor, which
then powers the load automatically once sufficient energy is collected.
However, given that natural wind conditions are often erratic, inter-
mittent, and sometimes even absent, one of the major challenges is
optimizing the device’s structural design to reduce the minimum
required wind speed for start-up. By achieving lower start-up wind
speeds, the energy-harvesting efficiency of TENGs can be significantly

Nano Energy 136 (2025) 110767

enhanced, allowing them to operate more consistently under variable
environmental conditions. Additionally, designing a matching power
management circuit can dramatically improve energy extraction,
accelerate capacitor charging, and ensure automatic system operation.
As a result, these technologies stimulate the development of a wide
range of TENG-based self-powered applications.

Here in this paper, four basic operating modes of TENGs are firstly
introduced. Then, a comprehensive review of wind-TENG structural
designs is provided, focusing on configurations optimized for both low
and high start-up wind speeds, as well as hybrid wind-TENG-EMG sys-
tems (Fig. 2). Following this, recent advancements in power manage-
ment circuits are summarized, which play a critical role in optimizing
energy harvesting efficiency. Furthermore, a series of typical self-
powered application scenarios based on wind-TENGs is presented,
including applications in agriculture area, transportation area, and
environmental monitoring. Lastly, the prospective development and
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Fig. 1. Comparison between conventional wind-EMG and wind-TENG. (a,b) Illustration of the mechanism of EMG (a) [11] and TENG (b), respectively. (c,d) The
output characteristics of EMG (c)[11] and TENG (d). (e-f) Comparison of the TENG and EMIG (electromagnetic induction generator) on the volume (e) [11] and

operating frequency (f) [16].
Reproduced with permission.
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Fig. 2. Mind map for constructing self-powered sensors or systems [17,25-35].

future trends of wind-TENG technology are discussed.
2. Basic working modes of TENG

To develop a more practical structure for wind energy harvesting, the
TENG needs to be well designed to minimize the friction resistance and
enhance the output performance. There are four basic working modes
[36-38] of TENG that can be selected for structural design:
contact-separation (CS) mode, literal-slide (LS) mode, single-electrode
(SE) mode, and freestanding triboelectric-layer (FT) mode. In the SE
and FT modes, the electrodes remain stationary, whereas in the CS and

P F P P+ &+

CS Mode

LS modes, they are movable. Despite these differences, the core working
mechanism of all four modes is based on forming a variable capacitor
within the TENG. According to the capacitive model of TENG [39,40], as
the capacitance of the TENG changes, due to the relative movement of
the surfaces and electrostatic induction, charges will transferred through
the external circuit. This dynamic variation in capacitance drives the
energy generation process in each mode, enabling efficient energy
conversion in various environments.

As shown in Fig. 3a, CS mode TENG is the most fundamental struc-
ture [41] which consists of two plates. Each plate is fabricated by a
dielectric layer attached to the metal layer. When two kinds of material

Fig. 3. Four working modes of TENG. (a) Contact-separation (CS) mode. (b) Literal-slide (LS) mode. (c) Single-electrode (SE) mode. (d) Freestanding triboelectric-

layer (FT) mode.
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contact, the charge transfers between their contact surface for the
different competence of electrons gaining and losing [42]. Then the two
plates form a parallel-plate capacitor and the induced charge on metal
layers will transfer through external load when the plates separate along
the vertical direction. In this mode, the wind is supplied to induce the
contact and separation between the plates. A light-weight plate is easy to
blow up but the output performance needs to be considered. The merit is
that there is an inverse proportion between capacitor value and distance.
It means that the value of a parallel-plate capacitor varies sharply when
the distance between two plates changes by a tiny amount. In this case, a
nearly maximum high output voltage can be reached within a limited
separation distance.

Fig. 3b shows the LS mode TENG. The basic structure is similar to CS
mode in that two opposite plates consisting of different dielectric ma-
terials adhered to metal electrodes, respectively. And the surfaces of
dielectric materials also keep dissimilar carriers. The difference is that
the plates have a relative movement along the horizontal direction. In LS
mode, the electrodes contact each other and have a relative movement,
which will cause undesirable friction. This kind of resistant friction is
unsuitable for tiny energy collection, such as breeze wind. As a result,
the LS mode structure TENG is seldom found in wind energy harvesting
applications.

Fig. 3c shows the SE mode TENG. The uniqueness of this mode is that
it has only one electrode with ground as the other common electrode.
The TENG will output an alternating current signal as the dielectric layer
separates and contacts with the ground-connected layer. For SE mode,
the output performance is limited by the electrostatic shield effect with
maximum charge transfer efficiency only 50 % [38]. Besides, since one
of the electrodes is connected to the ground directly, the output signal
will be affected easily if the external circuit is not filtered well.

FT mode TENG is similar to the LS mode, and the difference between
them is that the electrodes of FT mode TENG are fixed (Fig. 3d). The
dielectric material with carriers floats on plates and induces electricity
between adjacent electrodes when moving. Theoretically, the FT mode
with no friction is the best structure for energy harvesting. However, in
practical application, the surface charge density of the dielectric layer
will decrease with time. The dielectric layer usually has a very light
contact with the fixed electrode. It will not only supplement the charge
density but also improve the output performance. The closer the gap
between the dielectric and the electrode, the more charges will be
induced from the electrodes.
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3. Structural design of the wind-TENG

Initially, wind-TENGs were designed to harvest wind energy at
speeds of 5-10 m/s, and even higher [23,29,43]. However, to increase
the energy-harvesting capacity of wind-TENGs, researchers have
increasingly focused on designs that operate effectively at lower start-up
wind speeds. As illustrated in Fig. 4a, the number of studies testing
TENGs under lower wind speeds has gradually increased since 2017
[44]. For the practicability of wind-TENGs, however, structural im-
provements are needed to further reduce start-up wind speeds and
enhance output performance. According to the evaluation of global
wind power research conducted by Archer et al. [45], the average wind
speed over land is 3.28 m/s, which is lower than that of a gentle breeze.
This highlights the importance of achieving a lower start-up wind speed,
especially since many regions experience consistently low wind speeds.
Taking China’s mean annual wind speed distribution as an example
(Fig. 4b), around two-thirds of the mainland region has a mean annual
wind speed below 3 m/s. If the start-up wind speed of a wind-TENG
exceeds 3 m/s, the device would be inoperative for most of the time in
these regions, rendering it ineffective and impractical for widespread
deployment.

Therefore, based on the annual wind speed distribution mentioned
above, we categorized the studies of nanogenerators on structural design
into three types: wind-TENG with low start-up wind speed (below 3 m/
s), wind-TENG with high start-up wind speed (above 3 m/s), and hybrid
wind-TENG-EMG.

3.1. Wind-TENG with low start-up wind speed

3.1.1. Vibration structure wind-TENG

As for the vibration-based structural design, one notable advantage is
its ability to accommodate a wide range of energy input directions. As
shown in Fig. 5, the CS mode is particularly favored because vibrations
naturally facilitate contact and separation inside the device. Ko et al.
[46] designed a self-suspended shell-based wind-TENG (Fig. 5a) with an
exceptionally low start-up wind speed of 0.3 m/s. The electrical output
in this design is generated by irregular contact between the shell and a
rigid column. Zhang et al. [47] proposed a CS mode TENG by utilizing a
mass block and springs structure, where wind flow around the mass
block induces vortex shedding, causing the mass to vibrate and drive the
contact-separation action of the TENG (Fig. 5b). Another representative
CS mode TENG design is based on a flapping structure. For example,

Fig. 4. (a) Performance evolution over the time [44]. (b) The mean annual wind speed distribution in China in 2019.

(a) Reproduced with permission.
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Fig. 5. Wind-TENG induced by vibration structure with low start-up wind speed. (a) Schematic diagram of self-suspended shell-based TENG [46]. (b) CS mode TENG
with a mass block and springs structure [47]. (c) Schematic of gentle CS mode wind-driven TENG [49]. (d) Spontaneous working mode changeable TENG [50]. (e)
Schematic illustration of pendulum-inspired TENG [51]. (f) Schematic illustration of the fabrication of flag-like TENG (WTENG-flag) [52].

Reproduced with permission.

Tian et al. [48] proposed a dual auxiliary beam galloping TENG with
fluorinated ethylene propylene (FEP) and polyaniline (PANI). As the
middle plate vibrates, it alternately contacts the adjacent plates,
generating an open-circuit voltage of approximately 100 V at a start-up
wind speed of 1.7 m/s. Further, Ren et al. [49] proposed a gentle CS
mode wind-driven TENG whose electrifying material is composited by
thermoplastic urethane (TPU) and silver nanowire (Fig. 5¢). The fabri-
cated device exhibits a extreme low start-up wind speed of 0.7 m/s due
to the superelasticity of the composited material.

In addition to CS mode vibration TENGs, Cho et al. [50] conceived a
spontaneous working mode changeable TENG based on erratic wind
conditions (Fig. 5d). The device can operate in SE mode at a start-up
wind speed of 2.5 m/s and translate to FT mode when the wind speed
exceeds 5 m/s. Unfortunately, as previously mentioned, the output of
the SE mode structure is limited, and this kind of TENG can only
generate an output of 1.5 V at a low wind speed of 2.5 m/s.

Additionally, some structure designs are inspired by daily life. For
example, inspired by the swing tree in windy, Lin et al. [51] developed a
pendulum structure wind-TENG based on the FT mode (Fig. 5e). A
typical application scenario involves hanging the TENG on a tree, where
the unstable pendulum, coated with copper foil, swings and interacts
with strips at the edges, thereby generating electrical output. Similarly,
Zhao et al. [52] designed an FT mode flag-type TENG for harvesting
high-altitude wind energy (Fig. 5f). Nickel-coated polyester textiles and

copper-coated Kapton films were woven the flag as triboelectric mate-
rials. When the wind blows, the flag flutters, causing contact and sepa-
ration between the woven textiles, which generates electrical output.

3.1.2. Rotation structure wind-TENG

In the case of rotation structure TENGs, windmills or blades usually
serve as the basic component of the device. Both vertical and horizontal
blades are used in structural design. Vertical blades are capable of
capturing wind energy from any direction, while horizontal blades can
only harvest energy from a single direction. For horizontal designs,
Gulahmadov et al. [53] exhibited a unique TENG structure based on the
CS mode (Fig. 6a,b). They used a crank to convert the rotation into a
linear reciprocating motion, and a zigzag origami structure was
designed to multiply TENG’s pair to improve the output performance. It
is important to carefully design the gap distance in CS mode TENGs, as
insufficient distance can cause collisions between the moving and fixed
plates, wasting wind energy.

Different from the vibration structure, the most popular rotation
structure design is based on FT mode (Fig. 6) due to its rotational
functionality and low friction resistance. Another notable horizontal
windmill design, shown in Figs. 6¢ and 6d, was developed by Fu et al.
[54] featuring a low-friction structure with rollers, achieving a start-up
wind speed of 2 m/s. The planetary rolling structure, which converts
sliding friction into rolling friction by contacting the electrodes, reduces
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Fig. 6. Wind-TENG induced by rotation structure with low start-up wind speed. (a,b) Illustration (a) and the operation principle (b) of the CS mode wind-TENG [53].
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double rotors structure design of wind-TENG (e) and its typical output performance (f) [56]. (g-i) Photograph of vertical wind-TENG (g) and illustration of the

detailed structure (h) and a novel inverse structure design of wind-TENG (i) [21].

Reproduced with permission.

friction resistance and improves output performance. In addition, a
modified structure that adds a dielectric membrane between the elec-
trodes and rollers demonstrated enhanced durability, withstanding
continuous operation for 6.4 million cycles [55].

For vertical windmill design, considering that the rotor with a longer
force arm has a larger torque, it needs more energy to power on. Yong
et al. [56] proposed a double-rotor design (Fig. 6e,f), where the shorter

(=)}

rotor collects low-speed wind energy and the longer rotor captures
higher-speed wind energy. This expands energy harvesting over a
broad-band wind speed range of 2.2-16 m/s. Additionally, Liu et al.
[21] designed the wind-TENG with a start-up wind speed of about 1 m/s
(Fig. 6g). The structure consists of a slim acrylic disc rotor covered with
FEP and a printed circuit board stator. Ultrafine fiber stuck at the elec-
trode gap and FEP served as the triboelectric materials (Fig. 6h). The
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slim rotor and fiber materials minimize frictional resistance to nearly
zero. The novel design of this work involves an inverse structure where
the rotor is positioned beneath the stator (Fig. 6i), using the rotor’s
weight to counterbalance the electrostatic force and prevent rotation
deadlock.

To date, the primary structural designs achieving lower start-up wind
speeds are based on CS and FT modes. The lowest recorded start-up wind
speed is below 1 m/s, with a maximum transfer charge quantity of less
than 200 nC and a maximum short-circuit current of less than 4 pA.
Table 1 summarizes the working modes, triboelectric materials, peak-to-
peak open-circuit voltage (Vpp), peak-to-peak short-current (Ipp), and
charge transfer quantity of wind-TENGs operating at start-up wind
speeds of approximately 2 m/s.

3.2. Wind-TENG with high start-up wind speed

Although some structures have a minimum start-up wind speed
higher than 3 m/s, they still exhibit impressive performance metrics. For
example, Li et al. [64] designed a breeze-driven TENG (BD-TENG) with a
start-up wind speed of 3.3 m/s, as shown in Fig. 7a. Despite this, the
device demonstrated commendable output at a wind speed of 4 m/s,
with an open-circuit voltage of 330 V, short-circuit current of 7 pA, and
transferred charge quantity of 137 nC. Since Yang et al. introduced the
first wind-TENG structure in 2013 [17], Lin et al. [65] integrated several
similar devices together to improve the output performance. Further,
Zhao et al. [66] adapted this design (Fig. 7b), substituting the material
with a composite film to improve output performance (Fig. 7c). At a
wind speed of 6 m/s, the TENG utilizing the 0.94(BipsNags)TiO3 -
0.06Ba(Zr 25Tig.75)03/polyvinylidenefluoride (BNT - BZT/PVDF) com-
posite film reached the Vp,;, of about 200 V and I, of 20 pA, respectively.

Moreover, Lee et al. [67] developed a stackable disk-shaped TENG
designed to harvest omnidirectional wind (Fig. 7d). Wind guides were
used as inlets and outlets, converting the wind into vortex flow (Fig. 7e,
f). Polytetrafluoroethylene (PTFE) spheres were blown to collide the
electrodes, generating an electrical output. Although the start-up wind
speed was relatively high (6.5 m/s) and the output performance was
limited (maximum rectified voltage of 18 V), the structure provides
valuable insights for future designs. Mu et al. [68] addressed the chal-
lenge of enhancing durability using a soft contact approach, balancing
the trade-off between soft contact and large charge density. They
devised a novel blade soft contact TENG with shielded electrodes on the
rotor, while charge accumulation and dissipation occurred on the stator
(Fig. 7g,h). This TENG achieved a charge density of 328 pC/m> At a

Table 1
The output performance of wind-TENG with lower start-up wind speed.
Working Materials Vop (V) Ip Qsc Ref.
mode (HA) (nC)
SE Kapton, Aluminum 1.5 <1 -
[50]
CS Silicone rubber, 12 1.5 - [53]
Nylon
CS Aluminum, PTFE 8 - - [46]
CS FEP, Aluminum 300 12 200 [57]
CS PTFE, steel 200 7 80 [58]
CS PTFE, polyaniline 400 10 58 [47]
CS FEP, Nylon 200 5 - [59]
FT Glass, Copper 15 0.5 - [60]
FT Glass, Copper 210 9 - [54]
FT Fur, FEP - 6 170 [61]
FT PTFE, Cotton 50 0.5 - [51]
FT FEP, mop Fiber 2500 - 300 [21]
FT FEP, Copper 3 0.5 - [62]
FT FEP, silver nanowires 150 12 - [49]
FT Polyimide, Aluminum 72 <8 - [63]
FT FEP, polyaniline 52 8 - [48]
FT FEP, copper 75 4 60 [56]

* The data are tested under 2.5 m/s.
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wind speed of 5.5 m/s, the output charge, I,,, and V;,, were approxi-
mately 1.7 pC, 400 pA, and 2500 V. The device can successfully power
3840 green LEDs or 80 parallel hygrothermometers simultaneously
(Fig. 7i). Table 2 summarizes the structure mode, materials, V;p, Ipp, and
charge transfer quantity of wind-TENGs operating at wind speeds
ranging from 5.5 m/s to 6.5 m/s.

3.3. Hybrid wind-TENG-EMG

As mentioned above, wind-EMGs can not work efficiently at a low
frequency. By combining TENGs with EMGs to create hybrid wind-
TENG-EMG systems, the wind speed response range can be expanded,
resulting in improved output across a broader operational frequency
bandwidth. In this section, we will summarize recent advancements in
the development of hybrid wind-TENG-EMG systems.

Hybrid wind-TENG-EMGs, like EMG and TENG, are also commonly
designed based on rotation structure [70]. Rahman et al. [71] combined
the TENG with EMG by 3D printed technology, exhibiting a start-up
wind speed of 3 m/s (Fig. 8a). The rotating windmill drove the blades
to contact edge electrodes and the magnets to produce a changeable
magnet field, making the TENG and EMG operate simultaneously.
Rahman et al. [72] and Luo et al. [73] devised different low start-up
wind speed hybrid generators respectively, giving considerations to
the durability enhancement. Rahman implemented a magnet in sta-
tionary TENG, and the alternating attraction and repellency of the
rotating magnet pushed the TENG to operate at CS mode (Fig. 8b). This
contactless triggering-based generator minimized the start-up wind
speed to 1 m/s and possessed an ultra-robust character meanwhile. Luo
designed an automatic switching structure by using a gear train and cam
switch (Fig. 8c), achieving a stable mode transition between contact and
non-contact modes. The non-contact mode effectively reduced the
start-up wind speed to 2 m/s and significantly prolonged the lifetime of
TENG. At the same time, Yong et al. [74] also designed a self-adaptive
hybrid wind-TENG with a comparable start-up wind speed of 2 m/s
but performs an efficient energy collection of 41.05 W/m®. Moreover,
there are also some other commendable structures. Similar to Zhao’s
[52] work, Ye et al. [75] added an additional EMG on the flagstaff
(Fig. 8d), expanding the wind speed response range. And similar to
Gulahmadov’s work, Fan et al. [76] devised an elliptical-shaped struc-
ture to convert the rotation to linear reciprocating motion (Fig. 8e). The
start-up wind speed is 4 m/s, and the maximum output power of TENG
and EMG are 0.36 mW and 18.6 mW at the wind speed of 9 m/s,
respectively.

4. Power management circuits for enhanced energy storage

Notably, the output of TENG is typically characterized by low-
frequency pulsed energy with high voltage and low current, making it
inadequate to directly power the terminal devices. A practical approach
for self-powered system realization is to save the energy into a capacitor
until the energy is sufficient to power the load [77], exposing the crucial
importance of energy storage. The initial energy storage strategy utilizes
a rectifier bridge transmitting the TENG’s energy to the capacitor.
However, the energy-storage efficiency has been constrained due to the
huge impedance mismatch between the TENG and the storage compo-
nent. To overcome this limitation, the integration of power management
circuits is crucial for the practical application of self-powered systems.
One strategy involves the design of switching capacitor circuits to effi-
ciently extract energy from TENGs to storage capacitors. Another
approach focuses on accelerating the charging process by employing a
switch to LC resonant buck circuit. In this section, we will summarize
recent advancements in the development of these two power manage-
ment strategies for improving the energy storage efficiency of
self-powered systems based on wind-TENGs.
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Reproduced with permission.

Table 2

The output performance of wind-TENG with higher start-up wind speed.
Structure Materials Vop (V) Lp (nA) Qsc (nC) Ref.
FT PTFE, Aluminum 5 - - [67]
FT FEP, copper 315 13 - [64]
FT Polyester, PTFE 2500 400 1500 [68]
FT Polyamide, composite 200 10 - [66]
FT Polyamide, composite 150 20 - [69]

4.1. Switching capacitor buck converter

Ghaffarinejad et al. [27] proposed a conditioning circuit with
exponential enhancement of output energy based on Bennet’s doubler
principle (Fig. 9a). The study provided a theoretical analysis of the
charge-voltage evolution dynamics within Bennet’s circuit. And the re-
sults demonstrated that Bennet’s circuit could achieve an output several

orders of magnitude higher compared to conventional full-wave and
half-wave circuits. Liang et al. [78] proposed a MOSFET-based charge
excitation circuit (Fig. 9b), where one P-type MOSFET and two N-type
MOSFET were utilized to control energy charging and release. Initially,
two small parallel capacitors are charged to the same voltage U and
charge quantity Q, assuming the capacitors are equal. When the ca-
pacitors are switched to a series connection, the output voltage doubles.

Xuetal. [79] and Liu et al. [80] proposed a charge excitation method
by exploiting a pump TENG to enhance the output performance of the
main the TENG. In Fig. 9c, the rectified charges from the pump TENG
were injected onto the surface of the main TENG, leading to an enhanced
output due to increased charge density. Building on this concept, Chung
et al. [81] applied this strategy to boost the performance of a fluttering
TENG (Fig. 9d). In this design, unidirectional primary wind flows
through the main TENG, while residual ambient wind flows through a
charge-supplying TENG. The charges from the supplying TENG augment
the main TENG’s output, resulting in enhanced performance.
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Fig. 8. Wind-TENG and EMG hybrid structures with higher start-up wind speeds. (a) Schematic design of the natural wind-TENG hybrid nanogenerator [71]. (b)
Schematic of a contactless mode triggering-based ultra-robust hybridized nanogenerator that mainly consists of an array of four stationary contact-separation
mode-based TENG and a rotating EMG [72]. (c) The whole structure of the hybrid device [73]. (d) The combination of wind-TENG and wind-EMG [75]. (e)

Schematic of hybrid nanogenerator structure and working principle [76].
Reproduced with permission.

4.2. LC resonant buck converter

Charging technology can be clarified to Constant Voltage (CV) mode
and Constant Current (CC) mode [82,83]. CV mode charging circuits,
such as full bridge circuits [15,84] are relatively simple and have
garnered significant attention in the early stages of TENG energy har-
vesting research. These circuits feature a high initial charging current;
however, as the capacitor’s voltage increases, the charging current de-
creases, leading to lower charging efficiency. To address the need for
higher charging speeds and efficiency, recent studies have focused on CC
mode charging circuits, which typically consist of a switch and a reso-
nant circuit. The switch regulates power release to the resonant circuit,
while the resonant circuit, usually a buck circuit with an inductor and a
capacitor connected in series, reduces high voltage, maintains a constant

current, and stores the harvested energy.

For switch realization, Qin et al. [85] and Zhang et al. [86] proposed
some delightful designs to let the TENG discharge at the maximum
voltage moment realizing a switch function, but this approach needs an
individual structural design for each unique application. Besides this,
another two approaches are commonly employed: using discrete com-
ponents, such as MOSFETs and silicon-controlled rectifiers (SCRs), or
directly designing an electronic switch. In the discrete components
approach, Xi et al. [87] designed a universal power management module
in 2017, which was later widely applied in wind-TENGs. The switching
circuit consists of a MOSFET and a comparator, with the comparator
outputting a pulse to trigger the MOSFET when the input voltage ex-
ceeds the reference voltage. When the input voltage falls below the
reference voltage, the MOSFET is turned off. Due to TENG’s sharp
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output, the MOSFET’s opening time is narrow, in the range of micro-
seconds, allowing a high instantaneous voltage to reach the buck circuit.
The inductor transfers the instantaneous electricity to magnetic field
energy, which then releases and maintains a constant current, leading to
a fast energy saving in the storage capacitor. Similarly, in 2020, Harmon
et al. [28] designed another CC mode power management circuit by
using a silicon-controlled rectifier (SCR), a Zener diode, and a buck
circuit. In this circuit, the Zener diode is used to trigger SCR for power
release when the capacitor Cj,’s voltage exceeds the Zener diode’s
breakdown voltage plus the capacitor Cqy’s voltage. The energy is then
directed to the buck circuit, maintaining a constant current through
resonance between the inductor and capacitor, achieving an overall
energy conversion efficiency of 84.3 %. The advances in discrete
component utilization have enabled the circuits to be customized for
improved adaptation to TENG systems. In 2022, Liu et al. [21] extended
Harmon’s work by adding a part of the under voltage lock output
(UVLO) circuit between the capacitor Cgore and load (Fig. 10c). Using
the LTC3588 chip, the UVLO circuit can automatically output the energy
once the voltage of Cgore reaches a desired value, marking significant
progress toward a totally self-powered system. Other works also
demonstrate the effectiveness of this power management circuit design
[88-90].

For the electric switch designing approach, Wang et al. [91] and Luo
et al. [73] replaced the SCR with a spark switch (Fig. 10d) and a ceramic
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gas discharge (CGD) tube (Fig. 10e), respectively. These circuits are
activated when the voltage of the capacitor C;, exceeds the breakdown
threshold of the spark switch/CGD tube. Furthermore, Yan et al. [34]
proposed a flexible film-discharge-switch (FDS) based on the electro-
static breakdown (Fig. 10f), compatible with four different TENG modes.
The FDS is fabricated like a parallel-plate capacitor with an additional
PTFE insulation layer between the metal scraps. This flexible and
lightweight (0.025 g) device offers customization of conductive voltage
for the rear buck circuit by adjusting the insulation layer’s thickness.
The typical characteristic of the FDS shows a 1.85 kV breakdown voltage
with an insulation thickness of 400 pm at around 40 % humidity.
Moreover, the FDS exhibits a high energy-transfer efficiency (86.7 %)
and excellent durability, withstanding up to 1.25 million discharge
cycles.

5. Applications of wind-TENG

As the structures and power management circuit of the wind-TENG
develops, practical applications of self-powered sensors and systems
come up in various areas, for example, agriculture, transportation,
wireless environmental sensing, and so on [92]. A detailed introduction
to these applications will be given in this section.
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5.1. Applications in agriculture area

Agricultural activities, such as chemical fertilization, often cause
environmental damage. As an eco-friendly technology, wind-TENG ex-
hibits significant potential for promoting agricultural sustainability. Due
to the high voltage of TENG, they can not only enhance seed germina-
tion but also stimulate seedling growth. Li et al. [93] designed a
wind-TENG that generates a 6 kV alternating voltage at a wind speed of
5.9 m/s (Fig. 11a). When the rectified voltage was applied to pea seeds,
experiments showed that germination speed and yield increased by
approximately 26.3 % and 17.9 % (Fig. 11b), respectively, under an
electric field of 2 kV/cm. Additionally, the electric field promoted
seedling growth in both height and weight, likely due to electric
field-induced physiological activities, and similar works also demon-
strate the high voltage effectiveness of crops growth promotion [30].
Since TENGs can catalyze the synthesis of compounds such as NOyx and
ammonia, these compounds may contribute to seedling growth [94]. For
instance, Wang et al. [95] developed a lightweight wind-TENG for
self-powered electrocatalytic nitrate-to-ammonia conversion (Fig. 11c).
With a low start-up wind speed (3 m/s), the TENG charged and dis-
charged a 0.01 F capacitor, achieving a high NHjz yield of
11.48 pg/cm?/h. This work demonstrates a system coupling electro-
catalysis with natural energy harvesting for NH3 synthesis, offering an
environmentally friendly method for chemical fertilizer production in
agriculture.

Han et al. [61] conceived a smart farming system by combining a
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series of sub-level applications including a night direction display
(Fig. 11d), a mosquito trap, self-powered soil moisture sensing, and
temperature and humidity monitoring. Particularly, a UV lamp powered
by the wind-TENG was used to trap the mosquitos (Fig. 11e), which
could be extended to other insect trap applications without the need for
harmful pesticides [96]. Additionally, Zhao et al. [66] demonstrated a
water pH detection system by powering a commercial pH meter
(Fig. 11f), Li et al. [64] powered a soil thermometer to monitor the soil
temperature, while Jeon et al. [97] proposed a Wind-TENG driven water
treatment system, all of which are critical applications for smart
farming.

5.2. Applications in transportation area

Vehicles, as one of the most widely used transportation tools, require
extensive information sensing. For instance, in the development of
hydrogen-powered vehicles, detecting hydrogen leakage is crucial for
safe driving. Jiang et al. [98] developed a self-powered hydrogen
leakage sensor based on a windmill-like TENG (Fig. 12a). The TENG is
mounted on the automobile’s air intake window and converts airflow
energy into power for the hydrogen sensor. The equivalent circuit is
shown in Fig. 12b, where the resistance of the hydrogen sensor decreases
with increasing gas concentration. This change in resistance affects the
divided voltage on the resistance Ry, which is reflected in the brightness
of the alarming LED;.

For highway vehicle applications, Su et al. [99] designed a series of
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Fig. 11. IoT application of wind-TENG in agriculture area. (a,b) Application scenario of wind-TENG used for applying high voltage in the farm (a) and germination
promoting result (b) [93]. (c) Schematic of the wind-TENG driven electrochemical nitrate reduction reaction to ammonia system [95]. (d,e) wind-TENG used in a
smart farm (d) and used for powering a UV lamp powered by wind-TENG used for mosquito trapping (e) [61]. (f) Photograph of a wind-TENG powered commercial

water pH meter [66].
Reproduced with permission.

wind-mill-like TENG sensing nodes aligned along the freeway (Fig. 12c).
These nodes can be integrated with wireless sensors such as active RFID
tags, which are powered by wind-TENGs. The tag could transmit signals
like geological location, travel path, and car speed to the passing car.
This system has potential applications in potential global positioning
systems (GPS). What’s more, the blades of the wind-TENG offer an
anti-glare effect (Fig. 12d), improving lateral visibility for drivers by
blocking incoming light. Further, Zhang et al. [100] conceived a more
challenging application for self-powered high-speed railway sensors.
They positioned a TENG near the track to recover wind energy generated
by passing high-speed trains and power related sensing devices. Poten-
tial applications include railway bridge monitoring, track data moni-
toring (Fig. 12e), and railway meteorological monitoring, all critical to
railway safety. The TENG features a double-layer design with an elastic
rotator located between the stator (Fig. 12f). The TENG device can
output a peak power of 29.1 mW at a wind speed of 20 m/s, which is
well below 100 m/s wind speeds generated by high-speed trains.
What’s more, apart from the wind-TENG used as an energy harvester,
the wind-TENG is most frequently used as gas/wind speed sensor. In
marine applications, Du et al. [101] proposed a self-powered and robust
exhaust gas flow sensor based on a bearing type TENG (Fig. 12g). The
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sensor uses six steel balls and PTFE film as friction materials, with six
additional PTFE balls to stabilize the rolling motion. The gas flow speed
correlates linearly with the output signal frequency, and the device
successfully monitors gas flow speed with a correlation coefficient
greater than 0.998. The test result shows that the mean error between
this device and a commercial sensor is only about 0.73 %.

5.3. Applications in environment monitoring

A series of self-powered environment monitoring sensors and sys-
tems have been developed to address pollution problems caused by fuel
usage. By integrating monitoring applications with wireless technology,
the range of environmental sensing can be greatly expanded. Early
studies favored Bluetooth as the most popular choice. For self-powered
sensor, typically, Zou et al. [102] developed a wind speed measurement
system by converting the airflow-induced rotation speed into the wave
numbers of the TENG signal (Fig. 13a). Simultaneously, the wind-TENG
charges a supercapacitor and then powers the whole system, enabling
real-time sampling and data transmission to a Bluetooth receiver. For
environment monitoring systems, Liu et al. [103] designed a CO con-
centration sensing node to monitor the gas pipes for air quality
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Fig. 12. IoT application of wind-TENG in transportation area. (a,b) Schematic diagram of the self-powered hydrogen leakage sensing system (a) and the equivalent
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high beam illumination (d) [99]. (e,f) Application scenario of railway track information detection (e) and the schematic representation of the structure of
double-layer TENG (f) [100]. (g) Schematic scenario and structure of the bearing type TENG [101].

Reproduced with permission.

protection. A 7.2 mF capacitor can be charged to 3.6 V within 1000 s at a
wind speed of 4.5 m/s, allowing the system to transmit data via Blue-
tooth. Sou et al. [104] also proposed a Bluetooth offshore environment
monitoring system based on a Savonius turbine Wind-TENG operating
on the sea. Under a wind speed of 7.2 m/s, a message can be tracked
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through Bluetooth every 20 s. The advancement of low-power Bluetooth
technology has directly facilitated the development of these
self-powered environmental applications.

Further, Li et al. [105] designed a self-powered forest ambient
monitoring microsystem by using Zigbee (Fig. 13b), another mainstream
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wireless technology. To accelerate energy harvesting, a hybrid
Wind-TENG-EMG system was employed. By integrating a humidity and
temperature sensor, the system is capable of forest fire monitoring. After
13's, a 1000 pF capacitor can be charged to 3.4 V, which can power the
wireless node to work automatically. The switch will turn off automat-
ically when the capacitor voltage falls below 2 V, restarting the charging
process. Moreover, the TENG-powered system can operate continuously
at a wind speed of 8-9 m/s.

However, Bluetooth and Zigbee have communication distance limi-
tations of approximately 100 m, often reduced to around 50 m in
practical use. To overcome this, researchers have pursued longer
transmission distances with limited energy. Liu et al. [21] developed a
self-powered distributed environment monitoring node based on Sub-1G
(433 MHz) wireless frequency, capable of sensing temperature, humid-
ity, and atmospheric pressure (Fig. 13c). Nine sensing nodes are
distributed around the receiver, with distances ranging from 100 m to
2.1 kilometers. With a low start-up wind speed, the sensing nodes suc-
cessfully provided continuous monitoring for over half a month,
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capturing variations in temperature, dust storms, and rainfall during the
spring season. Fu et al. [60] also designed a similar Sub-1G fre-
quency-based wind speed detection system (Fig. 13d), with operational
power ranging from 30 nW (static power) to 121 mW (data transmission
moment). With a start-up wind speed of 2 m/s, the system achieved
50-meter data transmission under natural conditions.

Up to now, wind-TENGs are capable of charging millifarad capaci-
tors to 3.3 V or 5 V in several minutes, enabling wireless environmental
monitoring over distances of several kilometers[106,107]. A more
ambitious application is wireless GPS monitoring [35], which holds
potential for remote and untraversed area monitoring, such as mountain
fire monitoring [108], ocean monitoring, and human location.

6. Summary and discussion
In this review, the recent progress of TENGs in wind energy har-

vesting has been comprehensively summarized, from its basic theory to
practical applications. From the perspective of wind-TENGs’
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practicability, natural wind distribution and annual wind speed statistics
are investigated firstly. The output characteristics and four working
modes of TENGs in wind energy harvesting are also analyzed in detail.
Additionally, the recent progress of wind-TENGs in terms of structural
design and start-up wind speed are summarized. Furthermore, the
integration of power management circuits and wind-TENGs for opti-
mizing energy collection efficiency is discussed. Finally, three major
application fields based on wind-TENGs are presented, including agri-
culture, transportation, and environmental monitoring.

The use of power management circuits and automatic switches has
proven effective in enabling self-powered systems. Although significant
progress has been made in the technological applications of the wind-
TENG, several challenges and issues remain that need to be addressed
for the future development of this research field.

For device design, the challenges for practicability include: (1)
Durability and longevity. On the one hand, the high voltage probably
makes the materials carbonized causing a short lifetime. On the other
hand, the harsh outdoor environments (e.g. dusty, hurricane) and the
frictional resistance will cause heavy material wear. Further work is
anticipated to develop more robust triboelectric materials and structure
designs that can withstand continuous operation over several years. (2)
Optimized design for low wind conditions. Various efforts, such as
flexible slim film usage and tiny contact structure design, have been
made to reduce wind resistance but with inferior output performance.
Further, other methods, such as polarization as well as surface modifi-
cation, can improve this problem with better output performance, but
the performance can not be maintained for a long time. Developed
structural designs with stable high-output performance and low start-up
wind speed are anticipated to address this dilemma.

For power management circuits, the challenges might be: (1) Uni-
versal power management circuit. The unique output characteristics of
every single TENG require customized power management circuit de-
signs, which causes many repetitive works. Since the wind-TENG output
is within a predictable range, a universal power management circuit is
anticipated to be developed to enhance practicability. (2) Energy stor-
age loss. Leakage current exists anytime in all the circuit components
causing an energy storage loss. Since the wind energy input is inter-
mittent, the system becomes non-functional when the energy loss is
higher than the energy input. Current studies seldom mention this real-
world problem but it is a non-negligible issue for practical application.
Choosing the components with lower current leakage and high sub-
threshold swing is an effective approach for now, and further energy
leakage prevention strategies should be explored to improve the per-
formance of the power management circuit.

For applications, the challenges might be: (1) Intelligent energy
allocation. As an energy harvester, to date, one wind-TENG can power
around 4000 series LEDs directly, and it is also able to power sensors and
devices with microwatt or milliwatt consumption such as bulbs, air
pressure sensors, temperature sensors, PH sensors, calculators, hygro-
themometers, etc. by saving the energy into a capacitor. Even the ap-
plications of wireless communication (Bluetooth, Zigbee, Sub-1G, GPS,
etc.) have high energy consumption, the wind-TENG can power them up
intermittently by saving the energy into the capacitor for a longer time.
However, such loads can not be powered all the time. In this case, it is
crucial to construct an intelligent energy allocation strategy, for example
smart load match [104], for achieving an unintermittent working sys-
tem. (2) More sensing scenarios. As for the wind-TENG-based sensors,
wind-speed sensors are the most commonly employed. That is because
the TENG outputs a signal with unstable amplitude but stable phases.
The phase is directly correlated with the rotational speed/contact fre-
quency corresponding to the wind speed. Given the current limitations
in wind-TENG-based sensing design, more sensing scenarios could be
explored such as rotation displacement and rotation circles by expand-
ing the wind-TENG design.

Additionally, for better practical wind-TENG development, some
other challenges need to be addressed: (1) Scaling up for industrial
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applications. While TENGs excel in small-scale, low-power applications,
scaling them up to harvest wind energy on a larger, industrial scale re-
mains a challenge. Innovations in material science, device architecture,
and energy management are necessary for wind-TENGs to achieve
higher power densities. (2) Cost-effectiveness and commercial viability.
Although TENGs can be manufactured using low-cost materials, their
cost-effectiveness at scale requires further evaluation. Commercial
viability will depend on reducing production costs, improving effi-
ciency, and making TENG systems economically competitive with other
renewable energy technologies, such as photovoltaic cells and tradi-
tional wind turbines. (3) Environmental and aesthetic impact. For large-
scale deployment in urban or natural environments, minimizing the
environmental and aesthetic impact of wind-TENGs is also important.
Designing unobtrusive, visually appealing devices that can be integrated
seamlessly into buildings, streets, or ecosystems will be important for
public acceptance and widespread adoption. (4) Combination with
artificial intelligence (AI) technology, biotechnology [109], and other
cutting-edge technologies. Since Al will become the most important
technology shortly, it is critical to make a good combination between Al
and TENG to promote the development of both. For example, TENG can
be used to construct a low-power Al system, and Al technology can also
be used to analyze the self-powered sensing data intelligently [110]. (5)
Theoretical breakthrough. We believe the mechanism needs further
exploration to improve energy conversion efficiency. The high charge
density generation with less frictional force needs to be studied, which
can improve the ability of micro-energy harvesting and the lifetime of
the TENG device. On the other hand, how to extract more energy from
the TENG lessening the impact of high inherent impedance needs a
theoretical breakthrough.

In summary, TENG as a promising wind energy harvesting technol-
ogy plays a critical role in the future’s energy supplement due to its
abundance, ubiquitous, and renewable. However, its erratic and inter-
mittent characteristics simultaneously limit its utility. For further
practical applications, more efforts need to be made in device design
(including structure design, materials optimization, etc.), circuit design,
and energy allocation. Moreover, based on TENG technology, combining
various energy sources such as solar and ocean energy together might be
a potential approach in the near future.
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