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Abstract

:

The utilization of various distributed energy is becoming a prominent research topic due to the rapid development of the Internet of Things and wireless condition monitoring systems. Among the various distributed energy sources, wind energy has the advantages of being widely distributed, renewable and pollution-free, and is a very promising mechanical energy for power supply. Traditional wind energy harvesting methods based on electromagnetic and piezoelectric effects have issues with complex structure, large size, severe mechanical structures, and high installation costs. The low frequency and irregular nature of ambient mechanical energy makes these methods generally inefficient and inevitably hinders the further exploitation of wind energy. The triboelectric nanogenerators (TENGs) based on frictional charging and electrostatic effects can also be used for wind power generation and are increasingly favored by researchers as TENGs are easier to be miniaturized and assembled, and can realize large-scale manufacturing in comparison. This paper reviews the research on TENGs for wind energy utilization in terms of structural design, material selection and potential applications. In addition, the potential difficulties and possible developments in this field are summarized and discussed.
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1. Introduction


Nowadays, adjusting the energy structure, alleviating environmental pollution and strengthening energy security have become the consensus of both academic and industrial world [1,2,3]. As one of the major branches of renewable energy, wind energy is a safe, renewable and extremely widely distributed green energy source. Wind power is now recognized as one of the most cost-effective ways to generate electricity. With the worldwide commitment to promote carbon-free power generation, wind power is becoming an increasingly important part of human daily life and is of great importance for the sustainable development of human society [4,5,6]. Traditional wind energy harvesting is mostly based on the electromagnetic induction principle and the piezoelectric principle. These devices often have high resistance ratios, are costly and their miniaturization can lead to significant cost increases and energy losses [7,8]. Therefore, it is essential to develop new, simple, geographically limited and cost-effective solutions for harvesting all forms of wind energy from the environment.



In 2012, Dr. Zhong Lin Wang proposed a new energy collection method—triboelectric nanogenerator (TENG), which can convert various mechanical energy into electricity based on the combination of electrostatic induction and contact electrification [9,10,11]. Due to its high energy conversion efficiency and large-scale manufacturing possibility, TENG is particularly suitable for the harvesting of irregularly distributed low mechanical frequency vibrational energy such as wind and ocean energy [12,13,14]. The concept of a wind-driven triboelectric nanogenerator (WD-TENG) has been developed to take advantages of the characteristics of wind energy and the high conversion efficiency of TENG. WD-TENG has been used in a variety of applications such as energy harvesting, potential alternative energy sources for various portable electronic devices, wind vector sensors, and self-powered temperature and humidity sensors, significantly broadening the application range of TENG [15,16,17]. Meanwhile, there are many key points of WD-TENG, including the selection of materials and fabrication methods, common methods for performance optimization, cutting-edge applications and so on, have not been comprehensively summarized. Hence, a systematic review of the progress of WD-TENG is necessary for further promoting its development.



This paper describes the latest progress of WD-TENG. Firstly, the mechanism of WD-TENG for energy generation is discussed from the aspects of both mechanical design and electrification methods. Then, a series of crucial parameter that can decide the performance of WD-TENG have been thoroughly summarized, while the related performance optimization methods through structure design and material modification have also been elaborated with the consideration of different ranges of wind speed. The output characteristics of TENG and traditional wind energy device using electromagnetic generator (EMG) are compared, where the merits of each technique are carefully discussed. In addition, the combination of WD-TENG with other energy conversion mechanisms to realize the hybrid energy system for collecting energy from different sources is introduced, indicating tremendous application perspective in the field of distributed energy. Finally, based on these works, the existing problems as well as the important challenges of WD-TENG are proposed, in order to guide the future study of TENG for wind-related applications.




2. Energy Conversion Mechanism


In recent years, a lot of research based on TENG has been carried out in the field of wind energy collection. These experiments show that TENG has an edge over typical wind turbines in terms of energy conversion at low frequencies and low wind speeds. The power generating efficiency of TENG is substantially higher than standard wind turbines on the same volume scale [18,19]. TENG also has the advantages of a basic structure, a wide range of materials, a compact volume, low weight, and ease of production and installation. As a result, wind energy collection device installation is no longer limited to environments with high average wind speed and high wind energy density, such as open space and plains, but is increasingly being employed locally. TENG has four basic working modes: contact-separation (CS), lateral-sliding (LS), single-electrode (SE), freestanding (FT) to realize energy collection, and these four structures can realize the collection of wind energy under specific application conditions. Figure 1 clearly illustrates the common structural design and material selection of WD-TENG. TENG used for wind energy collection can be divided into “rotary type” [20,21,22,23,24] and “flow induced vibration type” [25,26,27] according to the way of energy collection. Among them, the working mode of rotating TENG is mostly independent layer type and sliding friction type and the “flow induced vibration type” is mostly vertical contact separation type.



2.1. Material Electrification Mechanism


Triboelectrification is a common phenomenon in our life, and the discussion on the physical mechanism of contact electrification has never ended. In 2019, Wang et al. made a profound investigation into the mechanism of contact initiation on solid-solid surfaces, suggesting that electron transfer is the main mechanism of contact charging between solids and solids, and proposed the “electron cloud potential well” model to explain the contact initiation phenomenon between materials [44]. Friction electrification occurs in practically all materials we encounter in daily life, and the ability of different materials to gain and lose electrons varies. In 1957, John Carl Wilcke proposed a triboelectric sequence to characterize the polarity order of materials. The greater the distance between the two materials in this process, the more electron gain and loss, and hence the more charge transferred. The surface topography of selected materials can be modified by micro-machining to improve the contact area and triboelectrification effect effectively [45,46,47]. The materials utilized to make WD-TENG must not only be widely apart in the triboelectric sequence, but they must also be resilient, durable, and cost-effective. Table 1 lists the classification, advantages and disadvantages of the materials commonly used in the production of WD-TENG.



Natural plants often have natural micro nano structures, which are biodegradable and easy to process, attracting more and more researchers’ attention [48]. As shown in Figure 2a, Yang et al. designed a new leaf-based SE-TENG using Hosta leaf as electrode and friction material [49]. The smooth and compact upper surface of leaf can effectively reduce water evaporation, the pores on the back are used to ensure gas exchange, and the irregular surface structure can increase the effective contact area. However, the mechanical strength of natural leaves is not high, and its durability is poor with the continuous contact separation with other materials and the evaporation of water. In 2019, Feng et al. proposed a method of “crushing before reuse” and designed a wind-driven TENG with polyvinylidene fluoride (PVDF) and leaf powder as the friction layer [41]. Figure 2b shows the output performance of TENG made of fresh leaf and dry leaf powder. It can be seen that the output of leaf powder based TENG (LP-TENG) is better, and the free water in fresh leaves reduces the generation of electrons. In order to further improve the output performance of LP-TENG, the chemical modifiers called Poly-l-Lysine(PLL) were used to change the surface characteristics of the blade, which can effectively improve the output performance of TENG. In 2021, Han et al. selected the low-speed electric friction layer as a kind of friction material for the rotary electric generator, illustrated in Figure 2c [42]. Rabbit hair has the characteristics of softness and good elasticity. When in close contact with another friction layer material, the friction resistance is small. While reducing the starting wind speed, it improves the durability of the equipment. When the wind speed is 6 m/s, its instantaneous peak power can reach 11.9 mW.



As displayed in Figure 2d, Li et al. fabricated a self-powered wind speed sensor with superhydrophobic properties using methyl-graphdiyne (M-GDY) [50]. Stable arrays of superhydrophobic M-GDY nano thorn arrays were constructed on copper substrates using a wet chemical method. A new type of wind speed sensor with water and cold resistance was developed by using the new methyl substituted GDY nano thorn array as electrode. In 2020, as can be seen from Figure 2e, Ren et al. used an ultra-thin Ecoflex as the wind energy capture unit and attached thermoplastic polyurethane (TPU) fibers doped with ultra-long silver nanowires (AgNWs) on the upper and lower surfaces of the film as the friction electrode [40], and the Al electrode and the FEP film were attached to the upper and lower inner walls of the arched frame, respectively. The lighter mass of the electrode and the microporous structure introduced on it effectively enhance the vibration performance of the electrode and make it easy to work under breeze drive. The device achieves an average power density of 20 mW/m3 at 0.7 m/s, which greatly reduces the threshold wind speed.




2.2. Utilization Mechanism of Mechanical Energy


2.2.1. Wind-Induced Rotation


The structural design of rotating wind energy collection TENG is mainly inspired by the traditional electromagnetic wind turbine, with the help of wind cup or other structures to collect wind energy, and convert it into rotating mechanical energy to drive the contact separation of TENG friction layer, so as to produce electrical output. Wind energy collection devices based on rotating structure usually have dense peak output and high output power, mostly in the form of separate layers and rotating slides.



The typical rotary-disk slip structure is shown in the Figure 3a,b [28]. Its basic structure is composed of wind cup, rotor and stator. Driven by the wind, the wind cup drives the rotor to rotate. The key parts of the stator and rotor are radial upper and lower grating Cu electrodes made by printed circuit board (PCB) technology. Among them, the bottom electrode is composed of two groups of complementary electrodes with a layer of Kapton film on it. When the external wind acts on the WD-TENG, the Cu electrode of the rotor part slides relative to the Kapton film, resulting in electric output. The most obvious feature of sliding translation mode is that the interaction area is large, which effectively ensures its output performance. Using this structure, a simple self-powered air cleaning system is designed.



Compared with the typical rotary-disk structure, the axial rotary structure saves more space [20,29,51]. When the friction area is the same, the horizontal scale occupied by the cylindrical TENG is smaller. As shown in Figure 3c, its working mode is a mixed process of contact-sliding-separation-contact process, which innovatively combines two basic modes. When the wind blows to the wind cup, the wind cup will drive the rotor blades to rotate around the shaft. At first, the polytetrafluoroethylene (PTFE) film contacted completely the aluminum of either stator, and then with the bending of the polyethylene terephthalate (PET) part, the PTFE film will slide outward on the aluminum surface. With the continuous and alternating progress of this process, electrical output is generated. When the wind speed is 15 m/s, the R-TENG generates an open circuit voltage of 250 V and a short circuit current of 0.25 mA. The maximum power is 62.5 mW. It can directly light hundreds of commercial LEDs or effectively charge energy storage units.



The wind energy acquisition system based on rotating structure is often simple in structure, and its output performance can be improved through full contact between friction layers. However, the accompanying friction heat and material wear will seriously damage the electrical stability and mechanical durability of TENG, increase its rotation resistance and high starting wind speed. Moreover, the conversion mechanism of this structure itself corresponds to large energy loss. Researchers often use material modification, structural breakthrough or combination with other energy conversion mechanisms such as EMG to reduce the starting wind speed and improve the output performance, so as to continuously realize the reliability and practicability of the structure.
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Figure 3. Typical structure and mechanism of WD-TENG. (a) In-plane cycled sliding mode of WD-TENG. Reproduced with permission of [28], Copyright 2015, Elsevier. (b) Working mechanism of rotary WD-TENG. (c) Rotational sweeping mode of WD-TENG. Reproduced with permission of [29], Copyright 2013, American Chemical Society. (d) Single-side-fixed mode of WD-TENG. (e) Working mechanism of flutter-driven WD-TENG. Reproduced with permission of [52], Copyright 2013, American Chemical Society. (f) Double-side-fixed mode of WD-TENG. Reproduced with permission of [53], Copyright 2015, American Chemical Society. 
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2.2.2. Flow-Induced Vibration


Although rotary wind energy collection can effectively realize wind power generation, such devices must first convert wind energy into rotary kinetic energy before driving TENG to work. There is a large energy loss in this process. As a result, scientists prefer to convert the flowing wind energy directly into the device’s vibration energy, which is why the flow-induced TENG was invented [54]. In order to realize the effective utilization of distributed energy, the energy collection structure is becoming more and more miniaturized and integrated, and more attention is paid to the collection of breeze energy and its achievable effective wind speed range. Based on these needs, the advantages of flow-induced vibration wind energy collection device are becoming more and more obvious.



Yang et al. first reported TENG driven by fluorinated ethylene propylene (FEP) film’s flutter, as shown in the Figure 3d [52]. The TENG structure is composed of a rectangular acrylic frame, two pieces of aluminum (Al) foils and FEP film with nanowires on the surface. One side of the FEP membrane is fixed and the other side remains independently suspended. Driven by the external wind, the FEP membrane vibrates in the direction perpendicular to the air flow, and periodic contact separation will occur between the upper and lower electrodes, driving electrons to flow back and forth between the electrodes and the ground to produce electrical output. When the size is 2.5 cm × 2.5 cm × 22 cm, the output voltage of the structure is up to 100 V and the output current is 1.6 μA. When the external load is 100 MΩ, the output power is 0.16 mW, which can be used to directly light dozens of commercial light-emitting diodes.



This theoretical model of the contact separation mode is shown in Figure 3e: in the initial state, the FEP film is in complete contact with the lower electrode. Due to the different electronic affinity of materials, the surfaces of Al and FEP have positive and negative friction charges, respectively. Driven by the external wind, the FEP film is separated from the bottom electrode, and the FEP will drive the free electrons to flow to the external circuit. At this time, in the external circuit, the electron movement directions of the top and bottom Al electrodes are opposite. Until the negative friction charge of FEP film completely shields the total positive charge, the external circuit will no longer show current. When the FEP film contacts the upper electrode, all induced charges are attracted to the upper electrode. The electrons flow from the ground to the upper electrode as FEP gradually moves away from the higher electrode. At the same time, the gap between FEP and the bottom Al electrode shrinks, allowing electrons to flow from the bottom Al electrode to the ground until they make complete contact with the lower electrode. All induced charges are attracted to the lower electrode, and there is no electron flow in the external circuit. TENG causes electrons to bounce between the Al electrode and the ground, generating alternating current in the external circuit.



The output electrical signal of unilateral fixed WD-TENG is not particularly stable due to the arbitrary swing of independent film. In 2015, Wang et al. reported a WD-TENG driven by elastic aerodynamics, as shown in the Figure 3f [53]. Both the upper and lower substrates use Cu as electrode and PTFE as triboelectric layer. The Kapton film with Cu electrodes attached at the top and bottom is fixed in the center of the equipment through two bolts. The whole structure is composed of two TENGs. Between the PTFE and Kapton films, two thin air gaps are generated. The air fluid is loaded into the above gap and vibrates the Kapton film, resulting in the contact and separation of Cu and PTFE film, resulting in electrical output.






3. Structural Display of WD-TENG


3.1. Design Based on Rotational WD-TENG


Most of the TENGs used to convert rotating mechanical energy in the environment into electrical energy are based on sliding or free-standing layers. The working mechanism of these structures will bring about severe wear of the frictional electrical layer and the TENG will have to overcome the corresponding frictional resistance to work, resulting in reduced output performance, higher starting wind speeds and reduced working life and high maintenance costs. Of the four basic modes of TENG, the FT-TENG is more tolerant of the distance between friction layers and therefore supports power generation in non-contact mode. In 2015, Li et al. proposed an independent layer-based operating mode that can automatically switch between contact and non-contact, as depicted in Figure 4a [55]. The effect of contact and non-contact on the output performance of rotating TENGs was investigated. This new design can significantly reduce surface wear and maintain a high output by replenishing the frictional charge in the contact state. As illustrated in Figure 4b, Li et al. demonstrated that a lightweight rotor could reduce the kinetic energy changes caused by unstable wind conditions by selecting a low-density material for the rotor and investigating the effect of rotor mass on the energy conversion rate at different speeds [56]. With the aid of a suitable wind cup structure, this rotating TENG can effectively reduce the starting wind speed to 3.3 m/s while reducing friction losses, allowing for effective breeze energy harvesting. At a wind speed of 4 m/s, the energy conversion efficiency is up to 12.06%. Yong et al. have designed a dual-axis TENG based on the integration of two coaxial TENGs with different geometrical parameters, as can be seen from Figure 4c, which complement each other’s performance by optimizing the dimensions of the two independent TENGs and the wind cup arm length [57]. The start-up wind speed can be as low as 2 m/s and has a wide range of collection wind speeds.




3.2. Design Based on Wind-Induced Vibration Mode


Flow-excited vibrations offer significant advantages in the field of miniaturization, integrated wind energy harvesting devices and the harvesting of breeze energy. Four flow-induced vibration phenomena are generally used to convert fluid energy into mechanical kinetic energy: vortex vibration, galloping, flutter and wake-galloping. Based on these theories, researchers have been constantly updating their structures to improve the efficient use of wind energy in recent years.



In 2013, Bae et al. designed a flutter-driven triboelectric generator (FTEG) based on the interaction of a flexible flag fabric arranged in parallel with a solid plate [58]. Under the action of wind, the flexible flag with metal attached to its surface undergoes self-sustaining oscillations and is continuously separated from the rigid plate by contact-like contact, resulting in electrical output. At a wind speed of 15 m/s, an average power of 0.86 mW can be achieved. In 2016, Su et al. developed a novel thin-film-based segmented triboelectric nanogenerator (S-TENG) [59]. This segmented structure can effectively suppress the internal cancellation caused by changes in oscillating film potential. Each segment has a pair of electrodes and can be regarded as a small TENG operating independently. Comparative measurements were carried out through each cell, integrated segmented device and non-segmented device. The results show that the amplitude of the total output current of the segmented S-TENG is significantly greater than that of the non-segmented S-TENG, indicating that the segmented electrode structure effectively reduces the cancellation effect. At a wind speed of 17.9 m/s, the segmented S-TENG has an open circuit voltage of up to 36 V and a short circuit current of 11.8, corresponding to a maximum output power of 114.7 uW.



For the WD-TENG with parallel structures fixed on both sides. In 2014, Seol et al. sufficiently reduced the device thickness by sharing interlayer electrodes [60]. The researchers further investigated the performance improvement due to the disposed stacked structure, and as a result, an increase in output power was achieved. The vertically stacked triboelectric nanogenerator (VS-TENG) achieves an efficient use of natural wind in both wind directions. However, similar parallel-structured TENGs often suffer from insufficient friction layer contact and their output performance is optimized by the gap between the parallel plates, requiring complex structural design. In 2019, Lin et al. proposed an angle-shaped TENG (AS-TENG) based on an independent frictional electric layer operating mode [61]. The device consists of two Al layers stacked to form an angular shape, and the two Al layers share the frictional electric layer FEP film located between them. The FEP film can be in full contact with the Al layers. The AS-TENG introduces a wedge-shaped wind guide channel on the windward side, which significantly reduces the start-up wind speed. It has been verified experimentally: the rectified ISC (2.5 μA) and VOC (64 V) of the angled structure can be more than three times larger than that of the parallel structure. Furthermore, taking advantage of the angled structure, the manufactured TENG can be easily integrated by connecting each unit back-to-back and sharing a common vertex. By connecting them in parallel, the total electrical output can be increased exponentially. In 2019, a state-of-the-art TENG based on wind actuated venturi design system is demonstrated in sync with the smart system evolution for powering various sensor nodal network. As shown in Figure 4d [31], the system consists of three main parts: inlet, outlet and throat. As ambient air passes through the Venturi system, there is a low pressure in the throat region that forces the flag membrane to flutter at a high frequency between the electrodes. With increase in wind velocity, the throat pressure decreases, increasing the flag fluttering frequency. By adjusting the incoming wind speed and optimizing the gap distance of the structure, the structure can generate a peak power of 4.5 mW, an output performance that exceeds all previous work and demonstrates the feasibility of the structure in the field of wind energy harvesting.



The flutter-driven TENGs described above are usually confined to a gas tube and are generated by the interaction of a thin film with a rigid plate. This structure is bulky and limits the ability of the TENG to collect wind energy in different directions. In 2015, Zhao et al. investigated a lightweight, freestanding woven-flag type frictional electric nanogenerator (WTENG-flag) [32]. As shown in Figure 4e, nickel strip electrodes are made by chemically coating the upper and lower surfaces of a commercially available flexible polyester fabric with nickel film and Kapton film-sandwiched Cu belts (KSC belts) are obtained by sealing the sides of the copper foil with Kapton film (20 μm thick). The WTENG is formed by interweaving the top and bottom sandwich structures. The output performance is optimized by optimizing the dimensions and the tightness between the two bands. By stacking this 2D form of the WTENG-flag in parallel, an almost linear increase in output is obtained. The adaptability of this 2D WTENG-flag to different environments, especially at low temperatures and low humidity at high altitudes, was also verified. The flag-type TENG designed above is not flexible in the practical sense, as the electrodes corresponding to its flexible membrane are rigid and fixed. In 2016, Zhang et al. designed strip-like TENG units with several individual polymer arrays arranged vertically to make a lawn-like arrangement to capture energy in natural wind [62]. In 2020, Wang et al. proposed a moisture-resistant, wind-adapted TENG [63]. The study encapsulated the electrodes and PTFE membrane in PET. The frictional electric layer was isolated from air to prevent water-vapor adsorption on the PTFE surface and to avoid its power generation performance being affected by the relative humidity of the air. The experimental results show that there is no significant difference in the output performance under different relative humidity conditions. The flag type TENG can be used as a sensor for measuring wind speed and indicating wind direction, and can achieve effective wind energy harvesting under humid conditions. In 2020, the Sun et al. team designed a fluttering double-flag type triboelectric nanogenerator (FD-TENG) for ambient wind energy harvesting, a fully flexible flag-type TENG that is more prone to chattering at low wind speeds [64]. The output power density can reach 600 mw/m2 when the wind speed is 10 m/s. The Flag-TENG based on thin film flutter has excellent energy harvesting performance at higher wind speeds.



In the above literature, the wind speed that can effectively drive these TENGs is typically above 5 m/s, while the global average land wind speed near the surface (observed at 10 m) is 3.28 m/s [65]. The low efficiency at low wind speeds in some degree limits the application of these TENG devices in the general environment. In 2020, Zhang et al. designed a galloping structure to harvest wind energy, as shown in Figure 4f [35]. The structure consists of a main beam, a secondary beam and a blunt body attached to the free end of the main beam. Based on the galloping response of the main beam, contact separation occurs between the two films, nylon and FEP, resulting in a continuous AC voltage. The researchers discuss the conditions of the fluid forces that trigger the chordal motion. The researchers studied the contact separation and output performance between primary and secondary beams with different length configurations. The two different modes of operation are single contact and double contact when using different length configurations of main and secondary beams. The single contact mode of the galloping triboelectric nanogenerator (GTENG) showed a greater electrical output at low wind speeds. We demonstrate a self-supporting GTENG in a 12 × 9 configuration generating a peak voltage of 200 V at a wind speed of 1.4 m/s using a 3 cm × 3 cm frictional electrical film. Zeng et al. designed a wind energy harvesting TENG based on a cantilever beam structure supporting a cylindrical bluff body, the energy capturing body of which is a trapezoidal column supported by a spring steel sheet in which two back-to-back contact separated forms of TENG are placed, as depicted in Figure 4g [33]. This design separates the TENG part from the wind drive component, avoiding environmental disturbances and reducing unnecessary frictional wear. When the air flow passes over the surface of the bluff body, the pressure loads on both sides of the trapezoidal section alternately reaches the amplitude, and the whole system oscillates reciprocally with the fixed end of the spring steel piece as the origin, thus driving the TENG electrode encapsulated in the bluff body to contact and separate, thus realizing the conversion of wind energy–kinetic energy of bluff body–kinetic energy of TENG–electrical energy. This innovative design provides a new way of efficiently collecting wind energy from light to moderate gusts. In 2021, Zhang et al. elucidated the theoretical model of the VIV-TENG engine and proposed a novel vortex-excited vibrating frictional electric nanogenerator (VIV-TENG), as depicted in Figure 4h [34]. Its structure is shown in Figure 4h. Driven by the lateral wind, the light cylinder undergoes vortex vibration, causing periodic contact separation of the polyaniline (PANI) and PTFE films as friction layers to generate electrical output. The VIV-TENG has a higher average output power than most previous studies and has a lower starting wind speed. Further, to overcome the narrow locking region, two cylinders were placed in series to obtain the T-VIV-TENG with a broadband resonant wind speed between 2 and 7 m/s, achieving a high output power over a wide range of wind speeds.




3.3. Other Structures


In addition to the common structures mentioned above, special structures have been designed to achieve efficient wind speed harvesting [66]. In 2018, Kim et al. proposed a WD-TENG that uses polymer micro-beads and their sliding motion in a novel structure to capture the mechanical energy of the wind drive, as shown in Figure 5a [38]. The open circuit voltage and short circuit current can reach 18.5 V and 2.3 µa, respectively, at wind speeds of 10 m/s. The structure enables wind energy to be collected in any direction and the electrical output performance changes rapidly and proportionally with wind speed, allowing it to be used as a self-powered wind speed sensor. Due to the relative flatness of the device, it is easy to integrate. When it is made in a stacked form, its output performance can be further improved.



In 2019, inspired by the pendulum structure, Lin et al. designed a symmetrical pendulum-based structure TENG, as shown in Figure 5b [37]. In order to increase the vibration level combined with a reduction in friction, a separate gap of 1 mm is left between the pendulum triboelectric layer and the electrode layer. The pendulum triboelectric layer is connected to the external acrylic spherical shell by means of a cotton thread for free vibration. This structure is very sensitive to external vibrations and small disturbances can cause large oscillations in the pendulum friction layer. The researchers compared the output performance of the pendulum inspired TENG (P-TENG) with that of an in-plane TENG and found that it is 14.2 times more capable of acting as a sustainable energy source than a conventional freestanding TENG, demonstrating its superior energy harvesting capability.



The rotary FS-TENG stands out among the various energy harvesters/generators due to its intensive peak output and high output power. However, it usually requires various rotational motions to drive it, which hinders its use in the prevalent exploitation of low frequency vibrations and linear motions. A series of studies were performed to convert rotational motion into linear motion to trigger TENG work [23,67,68]. As exhibited in Figure 5d, Lu et al. designed a bidirectional gear transmission triboelectric nanogenerator (BGT-TENG). Under the action of an external excitation, the plate undergoes a reciprocating motion, which transmits mechanical energy via the rack to the two reverse-mounted gear trains and further triggers the continuous rotation of the flywheel. By connecting it to a rectifier bridge, an effective power supply for commercial thermometers was achieved, showing its potential application in the field of energy harvesting.



In Figure 5c, a novel free-standing layer TENG structure based on the contact separation of PTFE particles and Al electrodes was proposed, creatively using a real-time signal output terminal structure (RTS) and the pulsed signal output terminal structure (PTS) to characterize the output performance of the TENG [39]. Experiments show that the current at the pulsed signal output can reach more than 13 times that at the real time signal output with better stability, demonstrating the advantages of the pulsed TENG for energy harvesting, which can capture low frequency mechanical energy from wind and water. Low cost, high efficiency conversion of electrical energy to drive the electrolysis of hydrogen in seawater.



In order to provide continuous, regular electrical energy above a critical speed, as can be seen from Figure 5e, Liu et al. designed a magnetic switch structured triboelectric nanogenerator (MS-TENG) consisting of a drive gear, an energy modulation module and a power generation unit with a magnetic switch structure [69]. Unlike previous designs, the storage and release of energy from this structure is determined by the magnetic force of the magnet and does not depend on the wind speed. The MS-TENG supplies 500 LEDs in series and a thermometer, showing that the MS-TENG has good prospects for wind energy harvesting applications. Its design advantages in converting wind energy into a reliable electrical output could provide a useful guide for future wind energy harvesting.
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Figure 5. Other structures of WD-TENG. (a) WD-TENG based on rolling motion of beads. Reproduced with permission of [38], Copyright 2018, Elsevier. (b) A pendulum-spired WD-TENG. Reproduced with permission of [37], Copyright 2019, Elsevier. (c) A pulsed cylindrical WD-TENG. Reproduced with permission of [39], Copyright 2021, Elsevier. (d) A bidirectional gear transmission triboelectric nanogenerator (BGT-TENG). Reproduced with permission of [23], Copyright 2020, Elsevier. (e) WD-TENG controlled energy collection by magnetic switch. Reproduced with permission of [69], Copyright 2021, Elsevier. 
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4. Applications of WD-TENG


As the designs of WD-TENG become smaller, lighter, and more durable, they become more adaptable to varying wind speeds, humidity, and other external environmental conditions [70]. WD-TENG shows great potential in various applications such as powering small electronic devices, as secondary energy stored in capacitors, as self-powered sensors for wind vectors or parameters such as humidity, and self-powered electrochemical systems, as depicted in Figure 6a–f.



The interaction of flexible flags with steel plates as a powerful vibration source for triboelectric nanogenerator has attracted extensive attention from researchers. In 2017, Xu et al. designed a TENG based on aeroelastic flutter-based TENG (AF-TENG) and investigated different chattering behaviors caused by differences in the size, liquid-solid mass ratio, and bending stiffness of the flexible film, and actively sensed the wind speed by measuring the flutter frequency [71]. In 2018, Liu et al. reported for the first time a system capable of polarizing BaTiO3 (BTO) materials, making full use of the high voltage and low current characteristics of TENG [69]. By comparing the effectiveness of commercial DC polarization equipment (DC-PE) and TENG for polarizing ferroelectric BTO films with thicknesses between 0.3 mm and 0.7 mm, it was found that higher piezoelectric and pyroelectric constants were obtained for most samples polarized with TENG polarization.



In 2019, Han et al. designed a self-powered NOX uptake and nitrate and nitrite degradation system driven by wind energy [73]. This program is characterized by low cost, simple equipment and easy availability of materials. This work provides a basis for future applications in the field of pollutant gas removal in the TENG environment. In 2020, Liu et al. designed an efficient wind barrier based on WD-TENG to collect natural wind and slipstream energy induced by vehicle travel. Self-driven wind speed sensing can also be performed using the flutter frequency of the film. Guo et al. designed a self-powered humidity sensor by taking advantage of PTFE’ s sensitivity to dielectric constant, which can simultaneously detect humidity and airflow velocity [74]. In 2022, Dai et al. prepared an omnidirectional wind energy harvester (OWEH) consisting of eight slit-effect based frictional electric nanogenerators (TENG) using transparent degradable hydroxyethyl cellulose (HEC) films, as shown in Figure 6f, for wind energy harvesting and self-supplied wind vector monitoring. By analyzing the eight independent output signals in real time, wind speed information can be obtained with a wind speed sensitivity of 78.36 V/(m/s). LED lights indicate the wind direction at this time. This work provides new ideas for further intelligent agriculture.




5. WD-TENG Hybridized with Other Types of Generators


In order to realize the complementary advantages of various energy conversion mechanisms in obtaining mechanical energy and self-powered sensing, the combination of TENGs with electromagnetic and piezoelectric energy collection mechanisms is considered. Let us start with the mixture of multiple mechanisms. In 2018, Qian et al. designed a wind hybrid energy harvester (WH-EH) consisting of a TENG, two EMG groups and solar cells [30], as shown in Figure 7a. The WH-EH is demonstrated to light hundreds of LEDs and power small electronics. This research further advances solid progress in the practical application of hybrid nanogenerators for mechanical energy harvesting and self-powered wireless sensor monitoring systems.



As exhibited in Figure 7b, Zheng et al. developed a hybrid generator based on TENG and pyroelectric-piezoelectric nanogenerators (PPENGS) that can harvest wind and thermal energy separately or simultaneously [76]. In this case, the wind-driven TENG is based on a chattering structure that uses PVDF film at the bottom to create a PPRNG for thermal energy harvesting. When the PPENG is hybridized with the TENG, the charging rate of a 22 μF capacitor is increased by a factor of almost three. Integration of this structure into a mask to capture energy through human breathing has been used in the field of medical monitoring. Rahman et al. integrated three energy harvesting units, TENG, PENG and EMG, into a rotating system to form a fully enclosed wind turbine, as shown in Figure 7c [77]. The flexible piezoelectric layer PVDF with PET substrate is attached to the wind-driven rotating system as a PENG. Under the action of the induced wind, the wind turbine rotates the shaft and rotor blades. The researchers have verified its feasibility for many self-powered wireless sensor applications such as underground tunnel lighting and billboards.



A TENG sensing system for simultaneous detection of wind speed and wind direction based on a rotating structure was presented in the previous paper. Although the system can achieve detection in eight directions, its multiple signal acquisition and processing ports and signal circuit design are complex. In 2022, Xu et al. designed a self-powered wind vector sensor by combining optoelectronic and triboelectric technologies [78]. As shown in Figure 7d, the sensor system consists of an angle-shaped triboelectric sensor (ASTS) at the top, a wind vane in the middle and a wind direction sensor (WDS) at the bottom. In this case, the frictional electric sensor has two disconnected Al foils attached to an acrylic plate as frictional electric layer and electrodes forming an angle of 15° between each other and a PTFE film sprayed with PTFE nanoparticles placed between them. The device based on the optimal parameters has a wide detection range in the range 2.9~24.0 m/s, within which the current frequency shows a good linear relationship with the wind speed, showing its practical potential for self-powered wind speed detection.



Now, the most common of the hybrid energy harvesting mechanisms is still the combination of TENG and EMG, where a hybrid EMG-frictional electric generator can effectively harvest broadband wind energy [79,80,81,82]. In 2021, Lu et al. designed a composite energy harvesting system consisting of a cylindrical TENG and EMG that can be used to harvest breeze energy, based on a previously studied swing-type TENG (SS-TENG) [83]. Its structure is shown in Figure 8. Its frictional electric layer has a certain air gap between it and the electrodes, and the frictional resistance is reduced, which can reduce its starting wind speed and improve the durability of the device. It can be seen that the presence of the rectifier bridge causes the output current of the EMG to drop significantly, its output voltage itself is lower and the effective output power of the ENG is consumed to a large extent at the rectifier bridge. In the existing hybrid nano-generators, the peak and average rectified power of the TENG section are 60 and 635 times higher than the EMG section, respectively, when the coil is moderate. This result suggests that the TENG is better suited to derive energy from low frequency motion than the ENG.



TENGs offer significant advantages in low-frequency vibration energy harvesting, but their pulse output is sparse and contact TENGs are not immune to material wear, which greatly limits their output power and stability.



In 2015, Guo et al. designed a waterproof frictional electro-magnetic hybrid generator by indirectly driving the movable part of a TENG using non-contact attraction between a pair of magnets [84]. The TENG can be driven by the attraction generated between the two sets of magnets as the EMG rotates, eliminating the need for direct contact and enabling the waterproof packaging of the TENG. The waterproof triboelectric-electromagnetic hybrid generator (WPHG) was shown to harvest wind energy and underwater water flow energy to directly power dozens of commercial LEDs during rainy days. This work has greatly facilitated the process of putting TENG and hybrid TENG into practical use. While exhibiting good output performance, these hybrid mechanism-based models tend to draw energy from only a single source and, with the limitations of power generation firmware, are difficult to package and maintain, all drawbacks that limit the use of TENGs in everyday life. In 2019, by combining EMG and TENG, Fan et al. designed a hybrid generator that converts sliding friction into a form of contact separation, where all power generating units are completely sealed inside the equipment box and isolated from the harsh environment. Zhong et al. realized a non-contact hybrid nanogenerator (NG) with the help of a device called a magnetic coupler [85]. Experimental results show that mixed NG has higher output power than single TENG and single EMG. Because there is no physical connection between the magnetic circuit driver and the magnetic circuit, the circuit can be easily disassembled, maintained and re-installed, and the structure can easily be fully encapsulated in waterproof materials to withstand a variety of harsh environment. In 2021 the team made further optimization of the structure and proposed as shown in Figure 9b [86]. The new a multi-cylinder-based hybridized electromagnetic-triboelectric nanogenerator (MCNG) shown, which obtains dual operating frequencies through the relative rotation of two energy harvesting units, enables the harvesting of two independent fluid energies. The design provides a new idea for simultaneously harvesting independent fluid energy and improving output performance.



As exhibited in Figure 9c, Zhang et al. invented a hybrid triboelectric nanogenerator that is efficient, reliable and suitable for breeze harvesting [36]. The magnetic element not only provides the magnetic source, but also reduces the electrostatic attraction between the friction layers by its own gravity, which effectively reduces the wear of the electrode material. The design is conducive to collecting low-speed wind energy and effectively prolongs the operating life of the equipment. As shown in Figure 9d, Fan et al. designed a rotating intermittent contact TENG (IC-TENG) with automatic switching of the rotation mode [87], using a tensed rope to generate initial torsional potential energy to ensure self-activation of IC-TENG at low frequencies. This novel TENG structure provides a new strategy for low frequency vibration energy collection.



The selection of WD-TENGs should be made in conjunction with the advantages and disadvantages of the WD-TENG classification in Table 2 and specific application scenarios. Table 3 summarizes the reported WD-TENGs suitable for energy harvesting or sensing in breezy environments, and it is observed that wind power generation in low wind environments can be achieved by selecting flexible, low-density materials and optimizing the structure. It is expected that these more detailed presentations can provide methodological guidance and design inspiration for future research and applications of WD-TENGs in breezy environments.
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Figure 9. Hybrid TENGs combined with EMG and TENG. (a) The structure of the TEHG. Reproduced with permission of [88], Copyright 2019, Elsevier. (b) Structural design of the MCNG. Reproduced with permission of [86], Copyright 2021, Elsevier. (c) Schematic illustration of the W-HNG. Reproduced with permission of [36], Copyright 2020, Springer. (d) Structure and working principle of the IC-TENG. Reproduced with permission of [87], Copyright 2021, Elsevier. 
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6. Summary and Outlook


Wind energy is a widely distributed, clean, renewable and green energy source, and wind power is an important direction for future new energy development. Based on the advantages of TENG in collecting irregular low-frequency energy, WD-TENG, a new wind energy harvesting technology, is proposed to realize the effective conversion of wind energy in different applications. The existing single WD-TENG device can generate an output voltage up to 1000 V. In addition, WD-TENG can be fabricated with environmentally friend materials and the existing WD-TENG can provide power supply for low-power systems such as LEDs, temperature and humidity sensors, environmental monitor and even air cleaning device. This paper systematically reviews the evolution of WD-TENG structure, the latest progress in material selection, and compiles the output performance, advantages and disadvantages of various designs. Then, we summarize the desirable methods for WD-TENG to work effectively at different wind speeds. In addition, WD-TENG can work in concert with other mechanisms to broaden its application areas. In the future, the study of WD-TENG should devote more efforts on following areas:




	
Development of triboelectric materials








Currently, WD-TENG is often used as a self-powered wind vector sensor or to provide energy supply for small temperature and humidity sensors. The actual environmental monitoring system requires about 30–50 mW of power, and in order to ensure that the Bluetooth module continuously transmits monitoring signals to the outside world, it usually requires a large volume of TENG devices or an array of multiple devices connected in parallel. Therefore, in order to achieve a small, portable and fully self-powered environmental monitoring system, the output power density of the TENG needs to be further improved. Slip-mode WD-TENG can provide high output power, but it leads to severe material wear and tear with frictional heat loss. Therefore, the toughness and durability of triboelectric materials are also one of the key parameters to evaluate the output performance of WD-TENG. In addition, the development of flexible, transparent, biodegradable and recyclable triboelectric materials is also an important development direction for WD-TENG to meet more application scenarios.



	2.

	
Design of the device structure







Existing device structure designs are mainly based on rotating and chattering structures. WD-TENG can reduce its start-up wind speed by reducing the weight of the device or optimizing the geometric parameters of the structure. Existing studies can achieve an average power density of 96.79 mW/m2 at wind speeds as low as 2.78 m/s. However, new structures need to be designed to achieve the adjustment of material contact at different wind speeds, in order to maintain a universally high performance of individual devices. In addition, the establishment of mathematical models based on WD-TENG for more accurate design of energy harvesting structures and prediction of optimal operating conditions for TENG in practical applications may also become important research directions for WD-TENG in the future.



	3.

	
Power management for WD-TENG







The instability of ambient wind energy makes it difficult to transfer power directly to the load or store it by itself. Therefore, effective power management and energy storage for WD-TENGs is necessary. Existing general-purpose energy management modules for most TENGs can reduce the matching impedance of a TENG from 35 MΩ to 1 MΩ at a low frequency of 1 Hz with 80% efficiency, and can store 128 times more energy when charging a 1 mF capacitor [93]. However, these methods are not specially designed to work with wind motions. In the future, researchers need to refine and simplify the power management circuits of conventional WD-TENG, and gradually build power-managed WD-TENG to provide stable and continuous output for electronic devices.



	4.

	
Duration of WD-TENG







As already mentioned, the duration of the triboelectric material can have a great impact on the duration of WD-TENG. Besides, the external environmental conditions and with other devices also affect the durability of WD-TENG. In recent years, researchers often reduce the wear of the triboelectric layer by designing the conversion structure of non-contact working modes or by introducing lubricating substances between the contact surfaces of sliding contact TENGs. How to improve the durability of the system while maintaining high output has been a major research direction in this field.



	5.

	
Large-scale integration of WD-TENGs







The output power of existing individual WD-TENGs is not at the level of industrial applications and needs to be increased by the integration of a large number of base units. The cost of producing a single WD-TENG is not high due to the utilization of affordable thin film and simple conductive electrodes. However, the integration of a large number of TENGs inevitably brings resource consumption problems and increases the cost of power control and maintenance. Therefore, the industrialization of WD-TENG needs the joint progress of the above aspects in order to expand its application fields.
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Figure 1. Overview of common materials and structures for WD-TENGs. Rotating disc. Reproduced with permission of [28], Copyright 2015, Nano Energy. Axial rotation. Reproduced with permission of [29], Copyright 2013, American Chemical Society. Hybrid rotation structure. Reproduced with permission of [30], Copyright 2018, Elsevier. Venturi system. Reproduced with permission of [31], Copyright 2019, Elsevier. Flag-TENG. Reproduced with permission of [32], Copyright 2016, American Chemical Society. Flow-induced WD-TENG. Reproduced with permission of [33], Copyright 2020, Elsevier. Vortex-induced WD-TENG. Reproduced with permission of [34], Copyright 2022, Elsevier. Galloping WD-TENG. Reproduced with permission of [35], Copyright 2020, Elsevier. Hybrid flow-induced WD-TENG. Reproduced with permission of [36], Copyright 2020, Springer. A pendulum type. Reproduced with permission of [37], Copyright 2019, Elsevier. WD-TENG based on rolling motion of beads. Reproduced with permission of [38], Copyright 2018, Elsevier. Pulsed WD-TENG. Reproduced with permission of [39], Copyright 2021, Elsevier. Ultra-stretchable electrodes. Reproduced with permission of [40], Copyright 2020, John Wiley and Sons. Biodegradable materials. Reproduced with permission of [41], Copyright 2019, Elsevier. Fur. Reproduced with permission of [42], Copyright 2021, John Wiley and Sons. Flexible film. Reproduced with permission of [43], Copyright 2021, Elsevier. 
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Figure 2. Typical materials of WD-TENG. (a) Natural plant leaves as friction layer. Reproduced with permission of [49], Copyright 2018, John Wiley and Sons. (b) The leaf powder-based TENG. Reproduced with permission of [41], Copyright 2019, Elsevier. (c) Rabbit fur as friction layer. Reproduced with permission of [42], Copyright 2021, John Wiley and Sons. (d) Schematic diagram of M-GDY resisting water interference during power generation. Reproduced with permission of [50], Copyright 2021, Elsevier. (e) The unidirectional TPU spinning NFs modified by ultra-long AgNWs. Reproduced with permission of [40], Copyright 2020, John Wiley and Sons. 
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Figure 4. Various structures of WD-TENG: (a–c) Rotary structures. (a) WD-TENG switching between contact and non-contact modes. Reproduced with permission of [55], Copyright 2015, American Chemical Society. (b) Rotary WD-TENG with lightweight rotor. Reproduced with permission of [56], Copyright 2021, Elsevier. (c) A dual-rotation shaft WD-TENG. Reproduced with permission of [57], Copyright 2021, John Wiley and Sons. (d–f) Structures based on flow-induced vibration. (d) TENG based on wind actuated venturi design. Reproduced with permission of [31], Copyright 2019, Elsevier. (e) Woven WD-TENG flag. Reproduced with permission of [32], Copyright 2016, American Chemical Society. (f) WD-TENG based on galloping response. Reproduced with permission of [35], Copyright 2020, Elsevier. (g) WD-TENG based on cantilever beam structure. Reproduced with permission of [33], Copyright 2020, Elsevier. (h) Vortex-induced vibration based WD-TENG. Reproduced with permission of [34], Copyright 2022, Elsevier. 
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Figure 6. Applications of WD-TENG. (a) Experimental set-up and characterization of fluttering behavior of AF-TENG. Reproduced with permission of [71], Copyright 2017, Elsevier. (b) Schematic diagram and working mechanism of ferroelectric BTO disk polarized by WD-TENG. Reproduced with permission of [72], Copyright 2017, Elsevier. (c) Self-powered air purification system. Reproduced with permission of [73], Copyright 2020, ACS Nano. (d) Application scenario of the TENG-based wind barrier. Reproduced with permission of [16], Copyright 2020, Nano Energy. (e) Schematic diagram and (inset) digital photograph of the designed ATNG sensor. Reproduced with permission of [74], Copyright 2014, American Chemical Society. (f) WD-TENG is used to realize self-powered wind vector monitoring. Reproduced with permission of [75], Copyright 2021, Elsevier. 
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Figure 7. WD-TENG hybridized with other generators. (a) Hybrid TENGs combined with EMG and TENG. Reproduced with permission of [30], Copyright 2018, Elsevier. (b) Hybrid TENGs combined with PPENG and TENG. Reproduced with permission of [76], Copyright 2018, American Chemical Society. (c) Hybrid TENGs combined with PENG and TENG. Reproduced with permission of [77], Copyright 2018, Elsevier. (d) WD-TENG combined with photoelectric technology. Reproduced with permission of [78], Copyright 2021, Elsevier. 
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Figure 8. (a) A swinging breeze collection system consisting of EMG and TENG. (b) Photograph of a digital thermometer powered by a SS–TENG array under the wind triggering. (c) Output performance of the TENG part and EMG. Reproduced with permission of [83], Copyright 2021, John Wiley and Sons. 
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Table 1. Summary and comparison of frequently used tribo-active materials for WD-TENG.
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	Classification
	Categories
	Advantages
	Disadvantages





	Metals and its derivatives
	Metal, alloy, semiconductor metallic nanoflakes/nanoparticles/nanowires
	Excellent electrical conductivity,

high stability,

high mechanical robustness,

simple process
	Low flexibility



	Conducting polymers
	PTFE, PVDF, PDMS, PMMA
	Easy structural control,

heat resistance,

corrosion resistance,

light weight,

good flexibility
	Relatively high cost,

poor conductivity,

low stability,

Non-biodegradable,

Not-recyclable



	Carbonaceous fillers
	Graphite, CNT, Graphdiyne
	High conductivity,

high stability,

good mechanical properties
	Cumbersome processing technology



	Natural materials
	Rabbit Fur, leaves
	Flexible,

low cost,

biodegradable and easy to process
	Poor electrical conductivity,

poor durability



	Composite materials
	Combination of different conductive materials

(e.g., graphene-PDMS)
	Synergistic effect
	Increased preparation cost and workload
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Table 2. Summary and comparison of various WD-TENGs.
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	Structures
	Triboelectric Materials
	Modes
	Voltage (V)
	Current (uA)
	Power
	Ref.





	Rotational sweeping mode
	Al & PTFE
	CS&LS
	250
	250
	62.5 mW

(900 r/min)
	[29]



	Rotational sweeping mode
	Al & PTFE
	SE
	55
	–
	0.03 mW
	[89]



	Rotational sweeping mode
	Al & PVDF
	FT
	650
	50
	10 mW

(900 r/min)
	[51]



	In-plane cycled sliding mode
	Cu & Kapton
	FT
	320
	3400
	–
	[28]



	bidirectional gear transmission structure
	FEP & Cu
	CS
	-
	-
	4 mW

(50 MΩ)
	[23]



	Transform the rotating structure into a linear structure
	PTFE & Cu
	CS
	200
	2.9
	180 μw

(1 subunit, 60 rpm)
	[68]



	Transform the rotating structure into a linear structure
	PTFE & Cu
	CS
	320
	20
	0.37 mW

(6 subunit,

60 rpm)
	[67]



	Single-side-fixed
	Al & FEP
	CS
	100
	1.6
	0.16 mW

(100 MΩ)
	[52]



	Single-side-fixed
	Au & PTFE
	CS
	200
	60
	0.86 mW

(15 m/s)
	[58]



	Single-side-fixed
	FTO & PTFE
	CS
	36
	4.1
	–
	[74]



	Single-side-fixed
	Al & PTFE
	CS
	400
	60
	3.7 mW
	[54]



	Single-side-fixed
	FEP & Cu
	CS
	36
	11.8
	0.15 mW
	[59]



	Single-side-fixed
	PTFE & Al
	CS
	297
	-
	0.46 Mw

(10 m/s)
	[26]



	Single-side-fixed
	Hosta Leaf & PMMA
	SE
	230
	9.5
	45 mW/m2

(1 × 107 Ω)
	[49]



	Single-side-fixed
	wheat straw & FEP
	SE
	250
	20
	404 μW/m2
	[48]



	Single-side-fixed
	PTFE & MGDY
	CS
	100
	3.5
	-
	[50]



	Single-side-fixed
	PLL modified leaf powder & PVDF
	CS
	1000
	60
	17.9 mW

(11 MΩ)
	[41]



	Double-side-fixed
	Al & PTFE
	CS
	334
	67
	5.5 mW
	[90]



	Double-side-fixed
	Cu &PTFE
	CS
	342
	140
	-
	[53]



	Lawn structure
	ITO & PET
	CS
	78
	16.3
	-
	[62]



	Angle-shaped
	FEP & Al
	CS
	64
	2.5 (10 m/s)
	-
	[61]



	Venturi tube
	PTFE & PC
	CS
	-
	-
	4.5 mW

(5 m/s)
	[31]



	Flag structure
	Ni & Kapton
	CS
	40
	30
	135 mW/kg

(22 m/s)
	[32]



	fluttering double-flag type
	FEP & Cu
	CS
	-
	-
	600 mW/m2

(10 m/s)
	[64]



	Vortex-induced
	PANI & PTFE
	CS
	-
	-
	96.79 mW/m2

(2.78 m/s)
	[34]



	galloping structure
	Nylon & FEP
	CS
	200 V

(1.4 m/s)
	-
	6 μw

(1.4 m/s)
	[35]



	Cantilevered structure
	PTFE & Al
	CS
	270
	7.6
	0.9 mw

(2.9 m/s,

44 MΩ)
	[33]



	rolling motion of polymer beads
	PTFE & Cu
	FT
	17.8
	5.3
	1.36 mW/cm2

(20 m/s)
	[66]



	structure of the magnetic switch
	FEP & Cu
	FT
	410
	18
	4.82 mW
	[69]
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Table 3. Summary and comparison of various WD-TENGs for harvest breeze wind.
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	Structures
	Triboelectric Materials
	Characteristic
	Start-Up

Wind

Speed
	Electric Output
	Ref.





	Rotational sweeping mode
	FEP &Cu
	Low density rotor material, a suitable wind scoop structure
	3.3 m/s
	330 v, 7 μA

Pmax = 2.81 mW

(4 m/s)
	[56]



	Rotational sweeping mode
	FEP &Cu
	Coupling of TENG with different structural parameters
	2.2 m/s
	5.2 mW
	[57]



	Rotational sweeping mode
	FEP &Cu
	Adopt the dielectric film with high flexibility
	3.5 m/s
	-
	[91]



	Vortex-induced vibration
	PANI & PTFE
	wind energy harvesting based on vortex-induced vibration
	2.78 m/s
	392.72 μW
	[34]



	Single-side-fixed
	PTFE & Al
	Controls the thickness and size of the film and the distance between the plates
	3.4 m/s
	297 v; 3.9 μA

P = 0.46 mW

(10 m/s)
	[26]



	Single-side-fixed
	PTFE & Al
	By changing the material, size and aspect ratio of the film
	2.9 m/s
	2.06 μW (10 MΩ)
	[78]



	Single-side-fixed
	PTFE & MGDY
	Unique material, film geometry parameter control
	1.6 m/s
	-
	[50]



	Galloping structure
	Nylon & FEP
	Through the design of two flexible beams to achieve galloping behavior
	1 m/s
	6 uW

(1.4 m/s)
	[35]



	Cantilevered structure
	Al & PTFE
	Change electrode structure, electrode weight, rotating radius and cantilever length.
	2.9 m/s
	-
	[33]



	Variable diameter channel
	Al & FEP
	A square variable diameter channel combined with an ordinary double-ended fixed W-TENG
	0.4 m/s
	2 V

(2 m/s)
	[92]
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