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Abstract

:

Under the trend of the rapid development of the internet of things (IoT), sensing for dynamic behaviors is widely needed in many fields such as traffic management, industrial production, medical treatment, building health monitoring, etc. Due to the feature of power supply independence and excellent working performance under a low-frequency environment, triboelectric nanogenerators (TENGs) as sensors are attracting more and more attention. In this paper, a comprehensive review focusing on the recent advance of TENGs as sensors for dynamic behaviors is conducted. The structure and material are two major factors affecting the performance of sensors. Different structure designs are proposed to make the sensor suitable for different sensing occasions and improve the working performance of the sensors. As for materials, new materials with stronger abilities to gain or lose electrons are fabricated to obtain higher surface charge density. Improving the surface roughness of material by surface engineering techniques is another strategy to improve the output performance of TENG. Based on the advancement of TENG structures and materials, plenty of applications of TENG-based sensors have been developed such as city traffic management, human–computer interaction, health monitoring of infrastructure, etc. It is believed that TENG-based sensors will be gradually commercialized and become the mainstream sensors for dynamic sensing.
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1. Introduction


With rapid urbanization, modern cities are encountering increasing problems and challenges, such as traffic congestion and infrastructure deterioration. Moreover, cities are constantly threatened by natural disasters such as floods, earthquakes, and typhoons. As a major trend, the smart city is believed to be a feasible way to solve these problems and improve the resilience of cities against natural disasters. Smart city construction requires comprehensive sensing and ubiquitous interconnection to provide information support. For example, the dynamic behaviors of infrastructure may reflect the structural operation states and are useful in decision making, risk prevention, and emergency response; vehicle motion data can be used for autonomous driving and traffic management. The dynamic behaviors are usually described by indexes including displacement, velocity, acceleration, frequency, pressure, etc. To monitor these indicators, plenty of technologies and sensors have been developed including optical fiber sensors [1,2,3,4], global positioning systems (GPS) based sensors [5,6,7,8], piezoelectric sensors [9,10,11], etc. However, most of these sensors are dependent on the external power supply, which causes inconvenience of maintenance and rising cost. For more convenient, intelligent, and environment-friendly requirements, the future sensors are better to be low-cost, self-powered, and easy to be maintained. Therefore, TENGs serving as novel self-powered sensors have attracted more and more attention. Similar to piezoelectric nanogenerators (PENGs) [12,13], TENGs can convert mechanical energy into electrical energy [14,15,16], which frees TENG-based sensors from dependence on the external power supply. The output power of TENG has reached 8.75 W/m2 [17]. The advantages of TENG over PENG are the relatively high voltage output and outstanding working performance in a low-frequency environment. Moreover, TENGs generate electricity output only under dynamic occasions, and the output characteristics are directly influenced by the external mechanical movement, which offers the possibility of TENGs for sensing dynamic behaviors. Some theoretical methods for the analysis and optimization of TENG have been proposed, which offer the theoretical basis for TENG sensors [18,19]. Recently, a theoretical model has been developed to model the non-planar elementary geometric TENGs such as cones, arcs, disks, etc. [19].



In recent years, great efforts have been made in device structures and materials to improve the performance and develop new applications of TENG sensors. In structures, various structures for different applications are developed based on four basic modes [20,21,22,23]. Additionally, combining other power generation principles (e.g., electromagnetic [24] and piezoelectric [25]) with triboelectricity through structural design is an effective method to improve device performance and broaden the sensing range. For some functional requirements, several special structures are developed such as the sphere [26], fiber [27], and rotation structures [28]. In terms of materials, the material selection of TENG is wider than that of most sensors because almost every material is of triboelectric effect. Different materials such as polymers [29], conductive oxides [30], and carbon-based materials [27] are applied for triboelectric layers and electrodes. Further, to improve the output performance, micro/nano structures are introduced to triboelectric materials through different methods of surface engineering. Technologies such as water-assisted oxidation (WAO) [31], electrospinning [29], and inductively coupled plasma (ICP) etching [32] are utilized to fabricate rough textures on material surfaces. Mold pouring [30] and photolithography [33] are used to form regular patterns on material surfaces. Based on the advance in structures and materials, TENG-based sensors for dynamic behaviors are applied in many fields such as dynamic response monitoring of civil structures and marine structures [34,35], motion state sensing in machinery [36], vehicle monitoring for traffic management [37], and human health monitoring [38], etc. To implement these applications, TENG-based sensing technologies for translational motion, rotational motion, and pressure are developed.



In this paper, we primarily focus on the recent progress in TENG as self-powered active sensors for dynamic sensing. In Section 2, structural designs of sensors based on four basic modes, hybrid nanogenerators, and several special structures will be introduced first. Then, material selection and optimization methods are presented in Section 3. Further, we introduce sensing technologies of TENGs applied in different fields in Section 4. Finally, we summarize the recent advances of TENGs as self-powered sensors and offer some prospects in Section 5.




2. Structural Design of TENGs with Different Modes


The structural designs of TENGs can be divided into three categories according to different modes. The four basic modes of TENGs are different in structures, thus demanding various structural designs. Moreover, the multi-mode TENGs can effectively improve the device performance by integrating the triboelectric device with electromagnetic or piezoelectric mechanisms. Thirdly, some special structures have also been introduced in the design of TENG, such as the sphere, fiber, and rotation structures.



2.1. TENGs with Four Basic Modes


As it is widely known, contact mode, sliding mode, single-electrode mode, and freestanding triboelectric layer mode are four basic modes of TENGs, each of which have typical structural features. In contact mode TENGs, two friction layers are placed face to face with an air gap between them. The mechanical energy is converted into electrical energy in the process of contact and separation of the tribo-pair. Since the contact mode is first proposed and the structure is relatively simple, plenty of sensors based on the contact mode have been reported [20,39,40,41]. In contact mode, springs are usually adopted to rebound and support the tribo-pair [20,41]. As the vibration accelerometer in Figure 1a, the two substrates are linked by four springs with an air gap and two friction layers attached to the opposite sides of the substrates [20]. When the springs are compressed and stretched due to the vibration of the host, the springs provide the forces that promote the substrate back to its original position. The stiffness of the spring and the size of the air gap are two important design parameters that directly affect the device’s sensitivity to vibration. In another contact mode TENG, the PET housing with an arc-shaped structure acts as the spring, providing the restoring force of tribo-pair [42]. As an alternative of spring, the elastic beam is used as the elastic support for a threshold-triggered shock sensor (Figure 1b) [41]. There are two steady states for the elastic beam: upper state and lower state. Initially, the beam holds the upper electrode and is at an upper steady position. Only when the shock acceleration exceeds a threshold, the beam will transfer from the upper state to the lower state, thus resulting in the contact between the PDMS layer and the upper electrode. Additionally, Xiang et al. fabricated an acceleration sensor that has micro-pyramids on the surface of the PDMS layer (Figure 1c) [30]. In this sensor, a mass is used to drive the movement of a triboelectric layer and the contact-separation process is realized by the change in contact area caused by the deformation of the pyramids. Thus, the device does not require any additive elastic component nor much space for the contact-separation process. In another TENG sensor, both ends of a flexible PTFE film are fixed on two spacers, respectively, and the PTFE film is placed between two electrodes (Figure 1d) [43]. When air flows through the PTFE film, it will vibrate to contact with the two electrodes, resulting in power output.



Different from the contact mode TENG, the two friction layers in sliding mode always keep close contact and move laterally. Due to the feature of lateral sliding, sliding mode-based sensors are often made into the film-like structure which is flexible and is suitable for the application of wearable sensors. For example, a wearable respiration sensor is fabricated based on sliding mode [21]. As shown in Figure 2a, the two triboelectric layers are coated in a sleeve to assure good contact between them [21]. Two ends of a wearable belt are linked to the two layers, respectively. Thus, the change in the circumference of the belt during the respiration process could drive the tribo-pair to slide relatively. Additionally, Wang et al. proposed a film-like TENG based on kinesio tapes [44]. The device is multilayer in which the tribo-pair is sandwiched by two layers of tapes with high stretchability and thin thickness. The thin and flexible feature enables the device to fit irregular surface shapes. The opposite ends of the two friction layers are stuck to the corresponding tapes. When the device is stretched and released, the two friction layers will slide relatively. The sliding mode TENGs can also be fabricated with multiple friction interfaces for better device performance [45]. Instead of wearable devices, sliding mode TENGs are also used to detect translational motion through the design of grating structures. As illustrated in Figure 2b, there are two micro gratings with a period of 200 μm on the surfaces of the moving part and static part, respectively [33]. Due to the design of the grating, even if the relative movement of the friction pair is non-reciprocating, the generated signal is still an AC output containing movement information. The period of grating determines the detection resolution, that is, the smaller period corresponds to higher detection resolution.



In single-electrode (SE) mode, a pure dielectric layer serves as one friction layer, with another friction layer being a conductor as the electrode or a composite layer consisting of dielectric material and electrode. The SE mode TENG is especially suitable for the wearable sensor in which skin may act as one of the friction layers. As shown in Figure 3a, by taking advantage of the skin as one friction layer, the sensor could be designed as a flexible film with a small thickness [22] and used on the wrist or ankle for motion sensing (Figure 3a). However, the device in [22] is flexible but not stretchable, and therefore, the size of the device should be small enough, otherwise, the comfortability of the device will be influenced. To deform simultaneously with skin, the sensor should be of both good stretchability and flexibility. Zhan et al. fabricated a wrinkled TENG as a stretchable motion sensor [46]. The sensor is made of a PDMS plate as friction material and a transparent electrode (Figure 3b). There are wrinkles on the surface when the sensor is loose, and the sensor will become smooth when stretched, which is very similar to human skin. Owing to the wrinkled structure, the sensor is of good stretchability to deform with skin even when mounted on the heaved muscle of the arm (Figure 3b). The SE mode TENG is also used in smart gloves rather than skin [47]. In the device in Figure 3c, there is a stretchable elastic rubber as the substrate with a ladder structure, and several small-sized TENG units are embedded in the elastic rubber to form an array. Due to this ladder structure design, the TENG exhibits excellent stretchable and flexible performance in process of motion sensing. Although SE mode TENG shows an advantage with wearable sensors, its charge transfer efficiency can only reach 50% due to the electrostatic shield effect, while those of paired-electrode devices could reach nearly 100% [48].



To prevent the electrostatic shield effect, the freestanding triboelectric-layer-based nanogenerator (FTENG) is proposed with the paired-electrode structure [49]. In FTENG with contact mode (CFTENG), the freestanding layer is placed between the two opposite electrodes. In the CFTENG in Figure 4a, two Al electrodes are fixed in an acrylic frame with an FEP layer (the freestanding layer) supported by springs [23]. Compared with CFTENG, the FTENG with sliding mode (SFTENG) is more widely used with different structural designs. Firstly, SFTENG could be designed with a structure composed of a mover and a stator [50,51]. As the freestanding layer, the mover does not necessarily have to be attached with an electrode and a lead wire, and it could be fixed on moving objects such as humans and vehicles to monitor their motions [49]. As shown in Figure 4b, the mover is composed of two columns of copper strip coated on a polyimide (PI) film which is attached to an acrylic sheet, while the stator is composed of a PTFE film as the dielectric layer, and two interdigitated electrodes with a PI and an acrylic sheet as the base [51]. The interdigitated electrodes can lead to an alternating output when the mover slides linearly on the stator. Secondly, SFTENG could be designed with a non-contact structure, in which there is an air gap between the tribo-pair during the working process, to prevent the energy loss from the friction. Based on the non-contact structure, Lin et al. proposed a disk-like TENG as shown in Figure 4c [52]. The two electrodes of the device are fixed on the stationary base with the electricity generated in the rotation process of the freestanding layer. Yu et al. proposed a tube-like TENG which is of a larger specific sensing area compared with planar devices [53]. As shown in Figure 4d, the device is composed of an outer sleeve tube coated with two Cu electrodes and an inner cylindrical inertial mass suspended by highly stretchable silicone rubber. They found that the output of the device decreases with the increase of the gap, which is controlled at 2 mm to obtain the best performance.




2.2. Structural Design of TENG Sensors with Multi-Mode


To improve the performance of the TENG, different generators including electromagnetic (EMG) and piezoelectric generators (PENG) are introduced and integrated into TENG to form new hybrid generators.



In triboelectric-electromagnetic hybrid generators, there are primarily two design strategies to realize the combination. In the first one, the rotator-stator structure of the EMG is treated as the base, with the tribo-pair of TENG integrated into the structure. As shown in Figure 5a, the device is a waterwheel-like structure with coils as the stator and several magnetic rods as the rotator [24]. The output of the EMG is generated due to the rotational motion of the magnet rods, which causes alternating magnetic flux in coils. One friction layer of TENG is attached to wrap around the magnetic rod, while several electrodes are fixed on the acrylic substrate as another friction layer with one rod between two electrodes. When the rods rotate as the rotator of EMG, the friction occurs between the magnet rods and the electrodes simultaneously. Therefore, the EMG and TENG both generate electricity during the rotation of the rotator. In addition, a similar structure is also used as a wind speed sensor (Figure 5b) [54]. In this device, the rotator is composed of a shaft and a cross-shaped vertical structure with four groups of coils, while the stator is composed of a cylindrical acrylic with four pieces of arc-shaped magnets attached to the inner wall [54]. When the rotator is driven by the wind, the coils cut the magnetic induction lines to produce electricity. The tribo-pair of TENG is composed of electrodes attached to the magnet and four elastic blades fixed on the rotator. The friction between the elastic blades and the electrodes is induced simultaneously by the rotation of the rotator.



As another strategy, the TENG is utilized as the base with the EMG integrated into the structure. As shown in Figure 5c, the typical structure of SFTENG is adopted in this device [55]. The magnet of the EMG is integrated into the freestanding layer, while the coils of the EMG unit are embedded in electrodes of the TENG. Therefore, the relative movement of the tribo-pair causes both the friction between the tribo-pair and the variation of the magnetic flux in coils. The combination of triboelectric and electromagnetic brings some advantages to the sensor. The sensing frequency range of the device could be broadened because the TENG component performs better due to excitations with lower frequencies while the EMG components are more efficient by excitations in higher frequencies [24,54]. Additionally, higher sensing sensitivity could be obtained by utilizing the high output voltage of TENG and the high output current of EMG [55,56].



In triboelectric-piezoelectric hybrid generators, the TENG device is usually employed as the base with PENG integrated into the structure. The piezoelectric layer could be used as the tribo-layer directly or embedded in the tribo-layer as another generator combined with TENG. In a pressure sensor, a self-poled P(VDF-TrFE) sponge is applied as the positive tribo-layer of the TENG (Figure 6a) [25]. When mechanical pressure is exerted on the device, the piezoelectric potential difference caused by the piezoelectric effect will contribute some extra surface charges, thus increasing the surface charge density and further enhancing the output performance. Specifically, the sensing range of this sensor is broadened from 0.05–50 kPa to 0.05–600 kPa by the hybrid mechanism of triboelectricity and piezoelectricity [25]. When the piezoelectric layer is embedded in the tribo-pair as a separate generator, the TENG and PENG components will work simultaneously [26,57]. In a vibration sensor, the tribo-pair is designed as a double-arched structure (Figure 6b), which provides natural resilience to the tribo-pair during the contact and separation process [57]. In the upper layer of the tribo-pair, the piezoelectric layer (PVDF) is sandwiched by two Al electrodes to form a composite triboelectric-piezoelectric layer. The electrode on the inner surface of PVDF is shared by both the piezoelectric and triboelectric units. The charges generated by the two generators are superimposed on the shared electrode, which enhances not only the output of every single generator but also the total output energy.




2.3. Other Special Structural Designs


In addition to the four basic modes and hybrid generators introduced above, there are several other typical structures such as the sphere, fiber, and rotation structures, etc. Some typical sphere-based sensors are illustrated in Figure 7a [26,58,59,60]. In these devices, there is a spherical shell and a cavity inside, with an electrode and friction layer adhered to the inner surface of the spherical shell. Therefore, the spherical shell is often of a multilayer structure (Figure 7(ai,aii)). Moveable objects are placed in the cavity as another friction material. In most cases, the moveable objects are also spherical such as magnetic buckyballs [26], steel balls [59,61], acrylic balls covered with copper foil [58], and PFA spheres [60] (Figure 7(ai–aiv)). Once the shell is designed impermeable, the liquid could be employed as the friction material [62]. The moveable objects in the spherical shell could return to the original position due to their weight instead of springs, to reduce the use of mechanical components and further promote the device’s reliability [58]. Due to the 3D symmetrical structure, the sphere-based TENG has a unique advantage for sensing and energy harvesting in multi-directions.



The second typical structure is fiber. In fiber-based TENG, the tribo-pair is integrated into a slender and long fiber. There is a core fiber taken as the substrate with the electrode and dielectric material wrapped layer by layer from inside to outside, forming a coaxial fiber (Figure 7b) [27,63,64]. The fiber-based TENG could be designed as highly stretchable. Sim et al. proposed a stretchable triboelectric fiber that can be stretched up to 50% strain (Figure 7(bii)) [63]. The electrode could be stretched together with the core fiber due to its fabrication by twining silver-coated nylon yarn around the core fiber. The PVDF-TrFE/CNT shell is also stretchable due to its wrinkle structure. In another stretchable device, there is a stretchable core fiber made from silicon rubber, an inner stretchable electrode made from conductive CNT/polymer, and an outer stretchable electrode made of a copper coil (Figure 7(biii)) [64]. Therefore, a strain of up to 70% could be realized on this device. In another fiber-like TENG, the steel spring is inserted into a hollow latex tube to provide the stretchability and to act as the electrode [35]. In general, fiber is a highly integrated structure with advances in flexibility, lightweightness, and thinness (e.g., the diameter of 3 mm [67], 500μm [68], and 490 μm [63]), thereby, fiber-based TENGs even could be weaved into smart cloth to sense human motion.



The rotator-stator structure is another special structural design in which the tribo-pair is integrated into the rotator and stator, respectively [65,66]. The rotator rotates relative to the stator, causing friction between the tribo-pair and triggering alternate electrical output. The hard friction will cause large friction force and material wear. To achieve lower frictional resistance and better durability, soft sliding friction is realized instead of hard friction in several devices. In a rotational speed sensor, the soft friction is realized by utilizing an elastic polymer film and a foam (Figure 7(ci)) [28]. The polymer film is of relatively good elasticity to support the friction layer, ensuring the contact area of the tribo-pair, while the foam could be compressed and deformed to cushion the friction process. In another wind speed sensor, soft polymer films are adopted to realize the soft sliding friction (Figure 7(cii)) [65]. One side of the soft film is fixed on the spoke of the rotator, while the other side is in contact with the stator to realize the soft friction. Although soft friction reduces frictional resistance to a certain extent, the friction is still relatively large. Therefore, the rolling friction is introduced to further reduce the frictional resistance. In a ball-bearing structured TENG [66], there is a disk-like substrate coated with interdigitated electrodes, while two rings (inner ring and outer ring) are pasted on the substrate serving as the orbit of the balls (Figure 7(ciii)) [66]. When the balls roll along the orbit, alternate electricity will be generated due to the design of interdigitated electrodes.





3. Materials for TENG Sensors


Tribo-pair and electrodes are two indispensable parts of all kinds of TENGs, and the materials of them will influence the output performance of TENGs. Plenty of materials and technologies have been developed and applied to TENG sensors.



3.1. Materials for Tribo-Pair


Materials for tribo-pair directly affect the device output due to the difference in triboelectric characteristics. For materials of tribo-pair, their triboelectric characteristics are the most important influencing factors. To further enhance the output of the device, different technologies of surface engineering have been applied to the tribo-pair or electrodes.



3.1.1. Materials for Tribo-Pair


The influence of tribo-pair on the performance of TENG devices is mainly determined by surface charge density. According to the theoretical models of TENG, the surface charge density of dielectric material shows a linear relationship between the transferred charge and output voltage [69]. The surface charge density of the material in the tribo-pair is mainly determined by the ability to gain or lose electrons. The materials with strong electron affinities tend to attract a larger number of electrodes, while materials with strong electro-positivity are prone to lose electrons. The difference in charge densities of the tribo-pair should better be larger for higher output. To quantitatively evaluate the triboelectric characteristics, the triboelectric charge densities (TECD) versus liquid mercury of different materials are tested to obtain a quantitative triboelectric series (Table 1) [70].



The materials close to the top of Table 1 are suitable for negative tribo-layer, while those close to the bottom are suitable for positive tribo-layer. To clearly show the usage of various materials in TENG sensors, a statistic is conducted and the results are illustrated in Figure 8. The majority of negative triboelectric materials are polymer materials (Figure 8a). Among these materials, PTFE, PVDF, and FEP are of strong electron affinities due to the component of fluorine, which is of the strongest electro-negativity among all elements. PTFE is the most popular negative triboelectric material due to its properties of excellent electrical insulation, high chemical stability, high age resistance, and low friction coefficient (Figure 8a). Besides a well-known piezoelectric material, PVDF is also a well-behaved triboelectric material [71,72]. Li et al. compared the output of PET-, PI-, and PVDF-based TENGs, and found the PVDF-based TENG with the highest short-circuit current and open-circuit voltage [29]. Further, the ability to capture electrons of PVDF is enhanced with functional groups with large electro-negativity (e.g., -TrFE) grafted to PVDF [63,73]. Compared with the above-mentioned materials, PDMS is widely used in impact sensors [74,75] and stretchable and transparent devices [76,77] because of its advantages in low elastic modulus, transparency, and stretchability. In addition to the triboelectric material, PMMA is often used as the base of the device due to its high transparency and high mechanical strength [78].



Metals and polymers are two typical kinds of materials used for positive tribo-layer. As shown in Figure 8b, metals account for a large proportion of positive materials because most metals are prone to losing electrons. Metals such as Al [32], Cu [79], and Ni [80] are widely used. In these cases, most metals play the dual role of electrodes and tribo-pair, which is a common practice of TENG sensors. Moreover, liquid metal such as Hg has also been adopted because liquid metal may achieve intimate contact with dielectric materials compared with solid metal, causing higher output performance [71]. As for polymers, the adopted materials include PA, PET, PMMA, and PU, etc. PA (nylon) is often selected as the positive tribo-layer due to its excellent abrasion resistance and electro-positivity [81]. PET is another positive material with high transparency. In a pressure sensor, PET and PDMS are chosen for the tribo-pair to fabricate a device with high transparency [77]. Through a special process, a PU foam is fabricated with a negative Poisson’s ratio and used in a strain sensor, in which the PU foam will expand in a direction perpendicular to the stretch, causing the contact of tribo-pair [82]. In addition to polymers and metals, there are several other options for positive materials including SiO2 [33], silk-fibroin [83], skin [84], and even common paper [85], which further underlines the diversity and flexibility of the choice of TENG’s materials.




3.1.2. Surface Engineering of Tribo-Pair Material


In addition to the selection of materials, the surface topography of tribo-pair is also an important issue for device performance. Generally, the higher surface roughness of friction interface will result in higher surface charge density. Therefore, various irregular and regular micro/nano topographies are introduced on the material surface through surface engineering to roughen the surface.



For irregular micro/nano topography, technologies such as water-assisted oxidation (WAO), electrospinning, and inductively coupled plasma (ICP) etching, etc., are adopted to roughen the surface of tribo-pair. WAO is a simple and low-cost technology to create nanostructures on the surface of the metal. The whole process of WAO could be summarized as heating and oxidizing the metal in deionized water for a certain time. In a wind-driven TENG, nanograss-like structures are created on the surface of Al electrodes through the WAO process [31]. Additionally, the morphology of the nanostructure may vary with the type of metal. For Al, Cu, and Zn, the nanostructures are nanograss-like, cubic-like, and needle-like, respectively [86]. The WAO-treated Al is found to be the most appropriate choice due to its higher improvement in the output of TENG (79.7% compared with 42.6% of Cu) and shorter processing time (about 1 h compared with 12 h of Zn) [86].



Electrospinning technology is very suitable for manufacturing nanofibers because of its low cost and simplicity. The schematic diagram of the electrospinning process is shown in Figure 9a [71]. The polymer solution is injected into a syringe, then the spinning is conducted in a strong electric field to fabricate nanofibers. The tribo-pair with nanofibers are of large specific surface area and considerable roughness [71,87,88]. For example, the SEM image of nanofibers made of nylon [29], PVDF [71], and PVP [88] in TENG-based sensors are illustrated in Figure 9b–d. The nanofiber fabricated by electrospinning are interlaced with each other thus contributing to a large specific surface area, and the average diameter of the nanofibers is small as 200 nm of nylon, 290 nm of PVDF, and 1500 nm of PVP. The nanofibers are effective in improving the output of TENGs. For instance, the open-circuit voltage of an electrospinning nanowire-based TENG reaches up to 1163 V, and the output current is increased by more than 4 times compared with that of TENG without nanowires [89].



ICP etching is another method widely used to shape irregular topography on triboelectric materials [43,44,90]. In the ICP process, the sample is first placed in an ICP chamber, and then the reaction gases (O2, Ar, and CF4) are injected into the chamber and decomposed into plasma with strong chemical activity. The plasma flow passes through the surface of the material to etch the material through both chemical reaction and physical etching effect. In the atomic force microscopy (AFM) images of ICP-treated (Figure 10a) and non-treated (Figure 10b) PTFE films, the height of surface topographies are 960 nm and 120 nm, respectively [91], which proves that the surface roughness of the material is significantly improved after the ICP process. Different nanostructures such as nanowires (Figure 10c) [32], nanoparticles (Figure 10d) [92], and nanorods (Figure 10e) [93] are fabricated to improve the device performance. In the device with nanoparticles, the output voltage of the device reaches 1100 v [92]. Moreover, Zhu et al. found that the open-circuit voltage and short-circuit current of TENGs with nanostructures are about 4 times and 2 times that of TENGs without nanostructures, respectively [91].



Regular structures on the material surface are of clearer shapes and more uniform arrangements. Generally, mold [73,74,94,95] and photolithography [33,52] are two methods utilized to create regular patterns. In the former method, polymer mixture is poured or spin-coated onto a mold with wanted concave patterns. The polymer film is peeled off after solidification to obtain a tribo-layer with regular structures. For example, nanopillar arrays are obtained by using anodic aluminum oxide templates and bring about an improvement of 110% on the output voltage [95]. Besides, Fan et al. compared the promotion effects of three regular structures including line-, cube-, and pyramid-like structures (Figure 11a–c), in which the device voltages are about 230% (line), 500% (cube), and 570% (pyramid) of that of non-treated TENG [77]. Further, a micro-frustum-arrays structure is developed and the device with this micro-structure shows a voltage exceeding 2 times that of the device with the micro-pyramid structure proposed in [77]. However, the fabrication of mold may increase the complexity of the process. In the latter methods, photolithography is utilized to directly engrave the designed patterns on the surface of tribo-pair to simplify the whole process. In a motion sensor, a glass plate as the slide layer is fabricated with a line-like structure through photolithography [33]. Moreover, Lin et al. employed the photolithography method to create microscale cubic structures onto the Al foil [52].





3.2. Materials for Electrodes


For electrode materials, good conductivity is indispensable, while other physical properties such as transparency and flexibility are also significant in some specific cases. Materials for electrodes can be divided into metal and non-metal materials, of which metal materials account for the majority (Figure 12). The ideal metal for electrodes should be with low resistance, suitable surface topography, and low cost. Cu [56,64,79] and Al [24,90,96] are most widely used due to their good electrical conductivity and low cost. Moreover, metals such as Ag [44,63,97], Au [25,74,98], Ti [67], and Ni [97] have also been adopted. The device with Ag electrode is observed to have the highest output voltage compared with those of devices with Au-, ITO-, and Cu- electrodes because of the best electrical conductivity of Ag [80]. The Au-electrode possesses the smoothest surface topography due to its extremely high ductility [80].



However, for metal materials, the opacity and poor deformability have limited the feasibility of devices in some specific cases. Thus, some non-metal materials with electrical conductivity such as carbon-based materials, conductive oxides, and conductive polymers have also been developed as electrode materials. Carbon nanotube (CNT) and carbon nanofiber are often selected for flexible, stretchable electrodes due to the high conductivity, flexibility, and mechanical strength [66,68,99]. Carbon black-silicone rubber (CBS) is a kind of composite material fabricated by adding carbon black power into silicone rubber, making it both deformable as rubber and conductive as carbon [91]. The carbon sponge is also a viable choice as the electrode, in which the carbon fibers are utilized to construct a 3D skeleton with pores, offering considerable mechanical strength and light weight [29]. In conductive oxides, indium tin oxide (ITO) [30,77,83] and fluorine-doped tin oxide (FTO) are all utilized due to their features of transparency. In a pressure sensor, ITO is coated on PET film which shows transmittance of 85% in the visible and near-infrared region [77]. In conductive polymers, poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS) and polypyrrole (PPy) are employed due to the stretchability. The PEDOT:PSS electrode shows transparency of 90% and a maximum strain of 100% [46], while the PPy electrode-based TENG could be stretched with a strain up to 310% [76].





4. Applications of TENG-Based Sensors in Dynamic Behaviors


With rapid development of IOT, there are extensive demands for the sensing of dynamic behaviors in many fields such as dynamic response monitoring of civil structures, motion state sensing in machinery, vehicle monitoring for traffic management, and human health monitoring, etc. As self-powered devices, TENGs are of great application potential in these sensing fields. Sensing technologies of translational motion, rotational motion, and pressure are developed to realize these applications.



4.1. Sensing Technologies in Translational Motion


Translational motion is common in life, such as the movement of the elevator, vehicles, pistons in the engine cylinder, and translational displacement due to the structure’s vibration. The translation motion can be described by indexes of displacement, velocity, acceleration, frequency, etc. The sensors are designed according to three different sensing mechanisms. The first kind is to calibrate the linear relationship between the peak value of electrical signals and the index to be tested. In the acceleration sensors in Figure 13a [100] and Figure 13b [101], the acceleration stimulated by the shaker is obtained according to the voltage peak. However, using this kind of sensor, only the peak value of the acceleration could be obtained with most of the information in the real-time responses lost.



To achieve real-time monitoring of the motion, a kind of grating structure (Figure 2b) [33] or interdigitated electrodes (Figure 4b) [51,102] are developed and applied in TENG. During the translational motion, every small tribo-pair on the comb finger or grating will generate a signal pulse when sliding overlap, which represents a tiny displacement increment of the moving object. Thus, we can also obtain the velocity according to the time intervals of the signal pulses. The smaller the size of gratings and interdigitated electrodes, the higher resolution of the displacement (Figure 13c) and velocity (Figure 13d) will be [51]. Zhou et al. proposed a motion sensor with micro-gratings, which realized an extremely small resolution of 173 nm for displacement and 1.2 μms−1 for velocity [33]. This mechanism is also used to sense the water/liquid level. Wang et al. proposed a non-contact TENG, in which several copper rings (electrodes) are attached to a tube with equally spaced arrangement [103]. Then the variation of the water level will be reflected by the electric pulses produced by the copper rings. A comprehensive sensing technique of water wave has also been developed to meet the need of ocean development and utilization. To quantitatively obtain the information of ocean waves, Zhang et al. developed a TENG-based sensor to obtain six basic ocean wave parameters including wave height, wave period, wave frequency, wave velocity, wavelength, and wave steepness [104].



Deriving the relationship between the dynamic behaviors and the detected electrical signals through theoretical models is the third strategy. In FTENG, there are two linear relationships between the mechanical indexes and the electrical outputs according to the mechanical-electric conversion theory of FTENG [23,105]. The first one is the linear relationship between the displacement of the freestanding layer and the open-circuit voltage (Voc). Another is the one between the instantaneous velocity of the freestanding layer and the short-circuit current (Isc). However, the linear relationships only exist in the condition of open-circuit or short circuit. In the latest study, Zhang et al. proposed a real-time sensing system based on TENG, in which the analytical relationship between the relative displacement of tribo-pair and the output voltage (voltage-transferred charge-displacement model) is derived [34]. Based on the theoretical model, the continuous and complete time-varying displacement is obtained with the detected signals. This work provides a useful and general tool for quantitively and continuously characterizing the dynamic behaviors in the long term.



The trajectory tracking is usually realized by TENG arrays [96,106,107], in which each sensor generates a signal pulse when the object passes by. For example, Yang et al. fabricated a self-powered tracking system with a 4×4 matrix of TENG array as shown in Figure 14(ai) [96]. Figure 14(aii) is the mapping image that records the electric signals and marks the trajectory, which demonstrates clearly that the object is moving along the diagonal of the sensing array. To obtain a larger tracking range and better precision, the TENG arrays could be designed with a larger number of sensing units and a smaller size of sensors. In the trajectory tracking sensor array, sensors are assumed along the nodes in the sensing net [107]. The nodes on the same row or column share one metal strip as the electrode (Figure 14(bi)). When the object slides through a stripe, there will be an electric pulse in the corresponding x or y port (Figure 14(bii,biii)). Besides the TENG array, Yin et al. proposed a motion vector sensor (TVS) based on the contact-electrification effect and electrostatic breakdown [108]. As shown in Figure 14(ci), there are four charge collecting electrodes (E1–E4) fixed on the four sides of a substrate. The motion tracking of TVS can be displayed through the corresponding output signals of the four electrodes. For example, when the TVS slides from position A to position B on an FEP plane, electrostatic breakdown will occur between the FEP and the electrode at the back (E1), causing electric output in E1 (Figure 14(cii)).




4.2. Sensing Technologies in Rotational Motion


Rotational motion widely exists in mechanical equipment, such as engines, downhole turbodrills, and bearings. The TENG sensors have been applied in monitoring rotating speed and angle on many occasions, such as steering wheels [36] and downhole turbodrills [28]. With the rotational motion of the host, the sensors will generate electric pulses. In sensing of rotating speed, the linear relationship between the voltage peak value and the rotating speed could be utilized (Figure 15a) [109]. However, the linear relationship is approximate and not stable. Calculating the rotational speed from the time interval between signal peaks is a more reliable means [66,110]. Li et al. proposed a ball-bearing structured TENG, in which the PTFE balls and interdigitated electrodes compose the tribo-pair (Figure 15(bi)) [66]. The sensor will generate a certain number of voltage peaks for each revolution of the bearing, which is used to calculate the rotating speed. As shown in Figure 15(bii), the sensed rotating speed (301.13 rpm) is very close to the actual speed (301 rpm) [66]. Through the sensing of rotating speed, the application of TENG as a self-powered sensor for the velocity of water flow detection is developed [111].



The sensing of the rotating angle could be realized with interdigital electrodes [36,112] or patterned electrodes [79]. Choi proposed an angle sensor, which contains two interdigitated electrodes and each electrode contains 12 comb fingers (Figure 15c) [36], which will produce 24 signal peaks, each representing 15° (=360°/24), in each circle of rotation. In terms of patterned electrodes, Wu et al. reported a TENG for angle measurement which consists of a rotator and a stator [79]. There are four channels on the rotator and several coded Cu electrodes on the stator (Figure 15d). The rotation angle of the rotator relative to the stator could be localized by the output signals from all four channels (L1–L4), in which the angular resolution of this sensor is 22.5° [79]. For this kind of sensor, the resolution is dependent on the number of channels or the fingers in the interdigitated electrodes.




4.3. Sensing Technologies in Pressure


The TENG-based pressure sensors have been applied in tactile sensing for human–computer interaction [77,98], human health monitoring for the heartbeat, respiration [38], pulse [113,114], and human joint movement [73,115], etc. For pressure sensors in different applications, the detection ranges are quite different. The detection ranges of pressure sensors applied in tactile sensing, monitoring for heartbeat, respiration, and pulse are usually less than 1500 Pa, while those of the human joint movement monitoring are from tens to hundreds of kPa. For the sensors which are used to detect pressure at a low level, the sensitivity and response speed is critical, especially when the pressure is very low (Table 2). In Table 2, one of the sensors is reported to realize the pressure sensing with a very low value of 0.23 Pa [113], which is even less than the contact pressure caused by a falling feather, about 0.4 Pa according to [77]. Additionally, most pressure sensors show a very short response time and recovery time of 100 ms and even shorter, which is critical in the application of real-time monitoring of fast-changing and time-varying pressure. In human joint movement, the pressures are at a higher level. Cao et al. reported a pressure sensor with a detection range of up to 200 kPa and realized the precise monitoring of gestures of finger joints [115]. To broaden the detection range, Yu et al. fabricated micro-frustum structure and nanofibers on PDMS films and finally realized the pressure detection up to 900 kPa [73], which was applied to elbows and distinguished the different bending angles of joints through the output voltage. In a recent study, the pressure sensor was also applied to identify the gender of the host and the joint type (knuckle, wrist, and elbow), which were judged by the output amplitude, response time, and recovery time [116]. The pressure sensor could also be applied to the traffic management system [37,117]. Through the TENG arrays, Yang et al. realized dynamic traffic monitoring including the detection of speed, overlapping, and overload [37]. Relying on the IoT platform, the proposed system can record traffic violations, warn of potential hazards, and assist traffic management through traffic data collection and timely analysis.





5. Conclusions and Perspectives


In this paper, we have reviewed recent advances in TENG as self-powered sensors for dynamic behaviors. The structures, materials, and applications of the sensors are introduced, which can be summarized as follows.



(1) To meet the application demands of TENGs in various fields, lots of structural designs of TENGs have been developed. Through special structural design, TENGs can be more effectively combined with the host to drive the relative motion of tribo-pair. Additionally, by combining the piezoelectric or magnetoelectric mechanism with the triboelectric mechanism through structural design, the output performance of the sensor will be improved and the detecting range will be broadened.



(2) The material design of TENG sensors mainly depends on the output performance of the device or the functional requirements of the applications on different occasions. The output performance of TENGs is affected by the intrinsic character of the tribo-pair materials for gaining or losing electrons. The larger the difference between the abilities of gaining or losing electrons, the higher the surface charge density will be. To obtain higher output performance, some special materials are applied. To meet the special needs of some applications such as wearable devices and human–computer interaction, some transparent, stretchable, or low-elastic modulus materials are applied in TENGs.



(3) The micro/nano structures on the tribo-pair surfaces can improve the output performance of TENGs by enhancing the ability to accommodate charges. The surface engineering technologies are applied to fabricate rough textures or regular patterns on the material surface, including electrospinning, ICP etching, photolithography, etc. The output performance of TENG sensors could be improved by the increase in the roughness of the tribo-pair surfaces.



(4) TENG-based sensors for dynamic behaviors are applied in many fields such as city traffic management, human–computer interaction, health monitoring of infrastructure, industrial machinery, the human body, etc. To realize quantitative sensing, the linear relationship between the peak values of electric output and the sensing indexes is utilized. However, only peak values of the indexes to be tested could be obtained, with most of the information in response time history lost. To realize real-time monitoring, grating structures and interdigitated electrodes are developed. For this kind of sensor, the sensing resolution depends on the size of gratings or interdigitated electrodes.



(5) The advances of TENG sensors in this review show great potential for TENG to be the mainstream of the next generation of sensors. To achieve a deeper understanding of the sensing mechanism and full-time domain sensing, the quantitative sensing techniques based on mechanical-electric conversion theory should be improved. Secondly, for better integration with precision equipment, the structures should be more compact and easier to manufacture. Thirdly, to improve the service stability, the durability of TENG sensors in the actual environment remains to be enhanced.







Author Contributions


Conceptualization, L.Y. and H.Z.; writing—original draft preparation, L.Y.; writing—review and editing, H.Z. and J.J.; supervision, Z.Z.; project administration, X.Z.; funding acquisition, H.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key R&D Program of China, grant number 2020YFA0711700; the National Natural Science Foundation of China, grant numbers 52122801, 11925206 and 51978609, and the Zhejiang Provincial Natural Science Foundation for Distinguished Young Scientists, grant number LR20E080003.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kuang, K.S.C.; Quek, S.T.; Koh, C.G.; Cantwell, W.J.; Scully, P.J. Plastic Optical Fibre Sensors for Structural Health Monitoring: A Review of Recent Progress. J. Sens. 2009, 2009, 312053. [Google Scholar] [CrossRef]

	



Kuang, K.S.C.; Cantwell, W.J. The use of plastic optical fibre sensors for monitoring the dynamic response of fibre composite beams. Meas. Sci. Technol. 2003, 14, 736–745. [Google Scholar] [CrossRef]

	



Babchenko, A.; Weinberger, Z.; Itzkovich, N.; Maryles, J. Plastic optical fibre with structural imperfections as a displacement sensor. Meas. Sci. Technol. 2006, 17, 1157–1161. [Google Scholar] [CrossRef]

	



Kuang, K.; Cantwell, W.J.; Scully, P.J. An evaluation of a novel plastic optical fibre sensor for axial strain and bend measurements. Meas. Sci. Technol. 2002, 13, 1523–1534. [Google Scholar] [CrossRef]

	



Jo, H.; Sim, S.; Tatkowski, A.; Spencer, B.F.; Nelson, M.E. Feasibility of displacement monitoring using low-cost GPS receivers. Struct. Control. Health Monit. 2013, 20, 1240–1254. [Google Scholar] [CrossRef]

	



Çelebi, M. GPS in dynamic monitoring of long-period structures. Soil Dyn. Earthq. Eng. 2000, 20, 477–483. [Google Scholar] [CrossRef]

	



Casciati, F.; Fuggini, C. Engineering vibration monitoring by GPS: Long duration records. Earthq. Eng. Eng. Vib. 2009, 8, 459–467. [Google Scholar] [CrossRef]

	



Kijewski-Correa, T.; Kareem, A.; Kochly, M. Experimental verification and full-scale deployment of global positioning systems to monitor the dynamic response of tall buildings. J. Struct. Eng. 2006, 132, 1242–1253. [Google Scholar] [CrossRef]

	



Xiang, T.; Huang, K.; Zhang, H.; Zhang, Y.; Zhang, Y.; Zhou, Y. Detection of Moving Load on Pavement Using Piezoelectric Sensors. Sensors 2020, 20, 2366. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Zhou, Y.; Quan, L. Identification of a moving mass on a beam bridge using piezoelectric sensor arrays. J. Sound Vib. 2021, 491, 115754. [Google Scholar] [CrossRef]

	



Zhang, H.; Shen, M.Z.; Zhang, Y.Y.; Chen, Y.S.; Lu, C.F. Identification of Static Loading Conditions Using Piezoelectric Sensor Arrays. J. Appl. Mech. 2018, 85, 011008. [Google Scholar] [CrossRef]

	



Wang, Z.; Du, Y.; Li, T.; Yan, Z.; Tan, T. Bioinspired omnidirectional piezoelectric energy harvester with autonomous direction regulation by hovering vibrational stabilization. Energy Convers. Manag. 2022, 261, 115638. [Google Scholar] [CrossRef]

	



Cao, Y.; Zhang, F.; Sha, A.; Liu, Z.; Li, J.; Hao, Y. Energy harvesting performance of a full-pressure piezoelectric transducer applied in pavement structures. Energy Build. 2022, 266, 112143. [Google Scholar] [CrossRef]

	



Zhang, H.; Yang, C.; Yu, Y.; Zhou, Y.; Quan, L.; Dong, S.; Luo, J. Origami-tessellation-based triboelectric nanogenerator for energy harvesting with application in road pavement. Nano Energy 2020, 78, 105177. [Google Scholar] [CrossRef]

	



Zhang, H.; Wang, H.; Zhang, J.; Zhang, Z.; Yu, Y.; Luo, J.; Dong, S. A novel rhombic-shaped paper-based triboelectric nanogenerator for harvesting energy from environmental vibration. Sens. Actuat. A Phys. 2020, 302, 111806. [Google Scholar] [CrossRef]

	



Zhang, H.; Su, X.J.; Quan, L.W.; Jiang, J.Q.; Dong, B.B.; Wei, G. Sponge-Supported Triboelectric Nanogenerator for Energy Harvesting from Rail Vibration. J. Energy Eng. 2021, 147, 04021006. [Google Scholar] [CrossRef]

	



Yar, A. High performance of multi-layered triboelectric nanogenerators for mechanical energy harvesting. Energy 2021, 222, 119949. [Google Scholar] [CrossRef]

	



Zhang, H.; Zhang, C.; Zhang, J.; Quan, L.; Huang, H.; Jiang, J.; Dong, S.; Luo, J. A theoretical approach for optimizing sliding-mode triboelectric nanogenerator based on multi-parameter analysis. Nano Energy 2019, 61, 442–453. [Google Scholar] [CrossRef]

	



Guo, X.; Shao, J.; Willatzen, M.; Yang, Y.; Wang, Z.L. Theoretical model and optimal output of a cylindrical triboelectric nanogenerator. Nano Energy 2022, 92, 106762. [Google Scholar] [CrossRef]

	



Zhao, X.; Wei, G.; Li, X.; Qin, Y.; Xu, D.; Tang, W.; Yin, H.; Wei, X.; Jia, L. Self-powered triboelectric nano vibration accelerometer based wireless sensor system for railway state health monitoring. Nano Energy 2017, 34, 549–555. [Google Scholar] [CrossRef]

	



Zhang, Z.; Zhang, J.; Zhang, H.; Wang, H.; Hu, Z.; Xuan, W.; Dong, S.; Luo, J. A Portable Triboelectric Nanogenerator for Real-Time Respiration Monitoring. Nanoscale Res. Lett. 2019, 14, 354. [Google Scholar] [CrossRef] [PubMed]

	



Cui, C.; Wang, X.; Yi, Z.; Yang, B.; Wang, X.; Chen, X.; Liu, J.; Yang, C. Flexible Single-Electrode Triboelectric Nanogenerator and Body Moving Sensor Based on Porous Na2CO3/Polydimethylsiloxane Film. ACS Appl. Mater. Interfaces 2018, 10, 3652–3659. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Niu, S.; Yang, J.; Lin, L.; Wang, Z.L. Quantitative Measurements of Vibration Amplitude Using a Contact-Mode Freestanding Triboelectric Nanogenerator. ACS Nano 2014, 8, 12004–12013. [Google Scholar] [CrossRef]

	



Yang, H.; Wang, M.; Deng, M.; Guo, H.; Zhang, W.; Yang, H.; Xi, Y.; Li, X.; Hu, C.; Wang, Z. A full-packaged rolling triboelectric-electromagnetic hybrid nanogenerator for energy harvesting and building up self-powered wireless systems. Nano Energy 2019, 56, 300–306. [Google Scholar] [CrossRef]

	



Parida, K.; Bhavanasi, V.; Kumar, V.; Bendi, R.; Lee, P.S. Self-powered pressure sensor for ultra-wide range pressure detection. Nano Res. 2017, 10, 3557–3570. [Google Scholar] [CrossRef]

	



Koh, K.H.; Shi, Q.; Cao, S.; Ma, D.; Tan, H.Y.; Guo, Z.; Lee, C. A self-powered 3D activity inertial sensor using hybrid sensing mechanisms. Nano Energy 2019, 56, 651–661. [Google Scholar] [CrossRef]

	



Yu, X.; Pan, J.; Zhang, J.; Sun, H.; He, S.; Qiu, L.; Lou, H.; Sun, X.; Peng, H. A coaxial triboelectric nanogenerator fiber for energy harvesting and sensing under deformation. J. Mater. Chem. A 2017, 5, 6032–6037. [Google Scholar] [CrossRef]

	



Wu, C.; Fan, C.; Wen, G. Self-Powered Speed Sensor for Turbodrills Based on Triboelectric Nanogenerator. Sensors 2019, 19, 4889. [Google Scholar] [CrossRef]

	



Li, T.; Xu, Y.; Willander, M.; Xing, F.; Cao, X.; Wang, N.; Wang, Z.L. Lightweight Triboelectric Nanogenerator for Energy Harvesting and Sensing Tiny Mechanical Motion. Adv. Funct. Mater. 2016, 26, 4370–4376. [Google Scholar] [CrossRef]

	



Xiang, C.; Liu, C.; Hao, C.; Wang, Z.; Che, L.; Zhou, X. A self-powered acceleration sensor with flexible materials based on triboelectric effect. Nano Energy 2017, 31, 469–477. [Google Scholar] [CrossRef]

	



Win Zaw, N.Y.; Roh, H.; Kim, I.; Goh, T.S.; Kim, D. Omnidirectional Triboelectric Nanogenerator Operated by Weak Wind towards a Self-Powered Anemoscope. Micromachines 2020, 11, 414. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Zhu, G.; Yang, W.; Jing, Q.; Bai, P.; Yang, Y.; Hou, T.; Wang, Z.L. Harmonic-Resonator-Based Triboelectric Nanogenerator as a Sustainable Power Source and a Self-Powered Active Vibration Sensor. Adv. Mater. 2013, 25, 6094–6099. [Google Scholar] [CrossRef]

	



Zhou, Y.S.; Zhu, G.; Niu, S.; Liu, Y.; Bai, P.; Jing, Q.; Wang, Z.L. Nanometer Resolution Self-Powered Static and Dynamic Motion Sensor Based on Micro-Grated Triboelectrification. Adv. Mater. 2014, 26, 1719–1724. [Google Scholar] [CrossRef]

	



Zhang, H.; Huang, K.X.; Zhou, Y.H.; Sun, L.F.; Zhang, Z.C.; Luo, J.K. A real-time sensing system based on triboelectric nanogenerator for dynamic response of bridges. Sci. China Technol. Sci. 2022. [Google Scholar] [CrossRef]

	



Zhao, C.; Liu, D.; Wang, Y.; Hu, Z.; Zhang, Q.; Zhang, Z.; Wang, H.; Du, T.; Zou, Y.; Yuan, H.; et al. Highly-stretchable rope-like triboelectric nanogenerator for self-powered monitoring in marine structures. Nano Energy 2022, 94, 106926. [Google Scholar] [CrossRef]

	



Choi, D.; Sung, T.; Kwon, J.Y. A Self-Powered Smart Roller-Bearing Based on a Triboelectric Nanogenerator for Measurement of Rotation Movement. Adv. Mater. Technol. 2018, 3, 1800219. [Google Scholar] [CrossRef]

	



Yang, X.; Liu, G.; Guo, Q.; Wen, H.; Huang, R.; Meng, X.; Duan, J.; Tang, Q. Triboelectric sensor array for internet of things based smart traffic monitoring and management system. Nano Energy 2022, 92, 106757. [Google Scholar] [CrossRef]

	



Chen, S.; Wu, N.; Ma, L.; Lin, S.; Yuan, F.; Xu, Z.; Li, W.; Wang, B.; Zhou, J. Noncontact Heartbeat and Respiration Monitoring Based on a Hollow Microstructured Self-Powered Pressure Sensor. ACS Appl. Mater. Interfaces 2018, 10, 3660–3667. [Google Scholar] [CrossRef]

	



Qian, C.; Li, L.; Gao, M.; Yang, H.; Cai, Z.; Chen, B.; Xiang, Z.; Zhang, Z.; Song, Y. All-printed 3D hierarchically structured cellulose aerogel based triboelectric nanogenerator for multi-functional sensors. Nano Energy 2019, 63, 103885. [Google Scholar] [CrossRef]

	



Lin, M.; Xiong, J.; Wang, J.; Parida, K.; Lee, P.S. Core-shell nanofiber mats for tactile pressure sensor and nanogenerator applications. Nano Energy 2018, 44, 248–255. [Google Scholar] [CrossRef]

	



Nelson, D.; Ibrahim, A.; Towfighian, S. Dynamics of a threshold shock sensor: Combining bi-stability and triboelectricity. Sens. Actuat. A Phys. 2019, 285, 666–675. [Google Scholar] [CrossRef]

	



Vivekananthan, V.; Kim, W.J.; Alluri, N.R.; Purusothaman, Y.; Khandelwal, G.; Kim, S. A highly reliable contact-separation based triboelectric nanogenerator for scavenging bio-mechanical energy and self-powered electronics. J. Mech. Sci. Technol. 2021, 35, 2131–2139. [Google Scholar] [CrossRef]

	



Guo, H.; Chen, J.; Tian, L.; Leng, Q.; Xi, Y.; Hu, C. Airflow-Induced Triboelectric Nanogenerator as a Self-Powered Sensor for Detecting Humidity and Airflow Rate. ACS Appl. Mater. Interfaces 2014, 6, 17184–17189. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; He, M.; Weng, B.; Gan, L.; Zhao, Y.; Li, N.; Xie, Y. Stretchable and Wearable Triboelectric Nanogenerator Based on Kinesio Tape for Self-Powered Human Motion Sensing. Nanomaterials 2018, 8, 657. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Weber, J.; Chang, S.; Xiao, G.; Lu, J.; Gao, J.; Jiang, W.; Zhang, Y.; Tao, Y. A Low-Cost Simple Sliding Triboelectric Nanogenerator for Harvesting Energy from Human Activities. Adv. Mater. Technol. 2022, 2200186. [Google Scholar] [CrossRef]

	



Wen, Z.; Yang, Y.; Sun, N.; Li, G.; Liu, Y.; Chen, C.; Shi, J.; Xie, L.; Jiang, H.; Bao, D.; et al. A Wrinkled PEDOT:PSS Film Based Stretchable and Transparent Triboelectric Nanogenerator for Wearable Energy Harvesters and Active Motion Sensors. Adv. Funct. Mater. 2018, 28, 1803684. [Google Scholar] [CrossRef]

	



Lu, C.; Chen, J.; Jiang, T.; Gu, G.; Tang, W.; Wang, Z.L. A Stretchable, Flexible Triboelectric Nanogenerator for Self-Powered Real-Time Motion Monitoring. Adv. Mater. Technol. 2018, 3, 1800021. [Google Scholar] [CrossRef]

	



Niu, S.; Liu, Y.; Wang, S.; Lin, L.; Zhou, Y.S.; Hu, Y.; Wang, Z.L. Theoretical Investigation and Structural Optimization of Single-Electrode Triboelectric Nanogenerators. Adv. Funct. Mater. 2014, 24, 3332–3340. [Google Scholar] [CrossRef]

	



Niu, S.; Liu, Y.; Chen, X.; Wang, S.; Zhou, Y.S.; Lin, L.; Xie, Y.; Wang, Z.L. Theory of freestanding triboelectric-layer-based nanogenerators. Nano Energy 2015, 12, 760–774. [Google Scholar] [CrossRef]

	



Zhu, J.; Guo, X.; Meng, D.; Cho, M.; Park, I.; Huang, R.; Song, W. A flexible comb electrode triboelectric–electret nanogenerator with separated microfibers for a self-powered position, motion direction and acceleration tracking sensor. J. Mater. Chem. A 2018, 6, 16548–16555. [Google Scholar] [CrossRef]

	



Li, W.; Liu, G.; Jiang, D.; Wang, C.; Li, W.; Guo, T.; Zhao, J.; Xi, F.; Liu, W.; Zhang, C. Interdigitated Electrode-Based Triboelectric Sliding Sensor for Security Monitoring. Adv. Mater. Technol. 2018, 3, 1800189. [Google Scholar] [CrossRef]

	



Lin, L.; Wang, S.; Niu, S.; Liu, C.; Xie, Y.; Wang, Z.L. Noncontact Free-Rotating Disk Triboelectric Nanogenerator as a Sustainable Energy Harvester and Self-Powered Mechanical Sensor. ACS Appl. Mater. Interfaces 2014, 6, 3031–3038. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; He, X.; Ding, W.; Hu, Y.; Yang, D.; Lu, S.; Wu, C.; Zou, H.; Liu, R.; Lu, C.; et al. A Self-Powered Dynamic Displacement Monitoring System Based on Triboelectric Accelerometer. Adv. Energy Mater. 2017, 7, 1700565. [Google Scholar] [CrossRef]

	



Wang, P.; Pan, L.; Wang, J.; Xu, M.; Dai, G.; Zou, H.; Dong, K.; Wang, Z.L. An Ultra-Low-Friction Triboelectric–Electromagnetic Hybrid Nanogenerator for Rotation Energy Harvesting and Self-Powered Wind Speed Sensor. ACS Nano 2018, 12, 9433–9440. [Google Scholar] [CrossRef]

	



Quan, T.; Wang, Z.L.; Yang, Y. A Shared-Electrode-Based Hybridized Electromagnetic-Triboelectric Nanogenerator. ACS Appl. Mater. Interfaces 2016, 8, 19573–19578. [Google Scholar] [CrossRef]

	



Wang, P.; Liu, R.; Ding, W.; Zhang, P.; Pan, L.; Dai, G.; Zou, H.; Dong, K.; Xu, C.; Wang, Z.L. Complementary Electromagnetic-Triboelectric Active Sensor for Detecting Multiple Mechanical Triggering. Adv. Funct. Mater. 2018, 28, 1705808. [Google Scholar] [CrossRef]

	



Zhu, J.; Hou, X.; Niu, X.; Guo, X.; Zhang, J.; He, J.; Guo, T.; Chou, X.; Xue, C.; Zhang, W. The d-arched piezoelectric-triboelectric hybrid nanogenerator as a self-powered vibration sensor. Sens. Actuat. A Phys. 2017, 263, 317–325. [Google Scholar] [CrossRef]

	



Wu, C.; Huang, H.; Li, R.; Fan, C. Research on the Potential of Spherical Triboelectric Nanogenerator for Collecting Vibration Energy and Measuring Vibration. Sensors 2020, 20, 1063. [Google Scholar] [CrossRef]

	



Shi, Q.; Wu, H.; Wang, H.; Wu, H.; Lee, C. Self-Powered Gyroscope Ball Using a Triboelectric Mechanism. Adv. Energy Mater. 2017, 7, 1701300. [Google Scholar] [CrossRef]

	



Zhang, H.; Yang, Y.; Su, Y.; Chen, J.; Adams, K.; Lee, S.; Hu, C.; Wang, Z.L. Triboelectric Nanogenerator for Harvesting Vibration Energy in Full Space and as Self-Powered Acceleration Sensor. Adv. Funct. Mater. 2014, 24, 1401–1407. [Google Scholar] [CrossRef]

	



Shi, Q.; Wang, H.; He, T.; Lee, C. Self-Powered Triboelectric Inertial Sensor Ball for IoT and Wearable Applications. J. Phys.-Conf. Ser. 2018, 1052, 12030. [Google Scholar] [CrossRef]

	



Shi, Q.; Wang, H.; He, T.; Lee, C. Triboelectric balls as three-dimensional vibrational energy harvesters and self-powered sensors. In Proceedings of the International Conference on Nano-Micro Engineered and Molecular Systems NEMS 2018, Singapore, 22–26 April 2018; pp. 487–490, ISBN 978-1-5386-5273-2. [Google Scholar]

	



Sim, H.J.; Choi, C.; Kim, S.H.; Kim, K.M.; Lee, C.J.; Kim, Y.T.; Lepró, X.; Baughman, R.H.; Kim, S.J. Stretchable Triboelectric Fiber for Self-powered Kinematic Sensing Textile. Sci. Rep. 2016, 6, 35153. [Google Scholar] [CrossRef] [PubMed]

	



He, X.; Zi, Y.; Guo, H.; Zheng, H.; Xi, Y.; Wu, C.; Wang, J.; Zhang, W.; Lu, C.; Wang, Z.L. A Highly Stretchable Fiber-Based Triboelectric Nanogenerator for Self-Powered Wearable Electronics. Adv. Funct. Mater. 2017, 27, 1604378. [Google Scholar] [CrossRef]

	



Li, X.H.; Han, C.B.; Jiang, T.; Zhang, C.; Wang, Z.L. A ball-bearing structured triboelectric nanogenerator for nondestructive damage and rotating speed measurement. Nanotechnology 2016, 27, 85401. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Ding, W.; Pan, L.; Wu, C.; Yu, H.; Yang, L.; Liao, R.; Wang, Z.L. Self-Powered Wind Sensor System for Detecting Wind Speed and Direction Based on a Triboelectric Nanogenerator. ACS Nano 2018, 12, 3954–3963. [Google Scholar] [CrossRef] [PubMed]

	



Zhong, J.; Zhang, Y.; Zhong, Q.; Hu, Q.; Hu, B.; Wang, Z.L.; Zhou, J. Fiber-Based Generator for Wearable Electronics and Mobile Medication. ACS Nano 2014, 8, 6273–6280. [Google Scholar] [CrossRef]

	



Li, X.; Lin, Z.; Cheng, G.; Wen, X.; Liu, Y.; Niu, S.; Wang, Z.L. 3D Fiber-Based Hybrid Nanogenerator for Energy Harvesting and as a Self-Powered Pressure Sensor. ACS Nano 2014, 8, 10674–10681. [Google Scholar] [CrossRef] [PubMed]

	



Zi, Y.; Niu, S.; Wang, J.; Wen, Z.; Tang, W.; Wang, Z.L. Standards and figure-of-merits for quantifying the performance of triboelectric nanogenerators. Nat. Commun. 2015, 6, 8376. [Google Scholar] [CrossRef]

	



Zou, H.; Zhang, Y.; Guo, L.; Wang, P.; He, X.; Dai, G.; Zheng, H.; Chen, C.; Wang, A.C.; Xu, C.; et al. Quantifying the triboelectric series. Nat. Commun. 2019, 10, 1427. [Google Scholar] [CrossRef]

	



Zhang, B.; Zhang, L.; Deng, W.; Jin, L.; Chun, F.; Pan, H.; Gu, B.; Zhang, H.; Lv, Z.; Yang, W.; et al. Self-Powered Acceleration Sensor Based on Liquid Metal Triboelectric Nanogenerator for Vibration Monitoring. ACS Nano 2017, 11, 7440–7446. [Google Scholar] [CrossRef]

	



Garcia, C.; Trendafilova, I.; de Villoria, R.G.; Del Río, J.S. Triboelectric nanogenerator as self-powered impact sensor. MATEC Web Conf. 2018, 148, 14005. [Google Scholar] [CrossRef]

	



Yu, J.; Hou, X.; Cui, M.; Shi, S.; He, J.; Sun, Y.; Wang, C.; Chou, X. Flexible PDMS-based triboelectric nanogenerator for instantaneous force sensing and human joint movement monitoring. Sci. China Mater. 2019, 62, 1423–1432. [Google Scholar] [CrossRef]

	



Aminullah; Kasi, A.K.; Kasi, J.K.; Uddin, M.; Bokhari, M. Triboelectric nanogenerator as self-powered impact force sensor for falling object. Curr. Appl. Phys. 2020, 20, 137–144. [Google Scholar] [CrossRef]

	



Dai, K.; Wang, X.; Yi, F.; Jiang, C.; Li, R.; You, Z. Triboelectric nanogenerators as self-powered acceleration sensor under high-g impact. Nano Energy 2018, 45, 84–93. [Google Scholar] [CrossRef]

	



Bian, J.; Wang, N.; Ma, J.; Jie, Y.; Zou, J.; Cao, X. Stretchable 3D polymer for simultaneously mechanical energy harvesting and biomimetic force sensing. Nano Energy 2018, 47, 442–450. [Google Scholar] [CrossRef]

	



Fan, F.; Lin, L.; Zhu, G.; Wu, W.; Zhang, R.; Wang, Z.L. Transparent Triboelectric Nanogenerators and Self-Powered Pressure Sensors Based on Micropatterned Plastic Films. Nano Lett. 2012, 12, 3109–3114. [Google Scholar] [CrossRef]

	



Heo, D.; Kim, T.; Yong, H.; Yoo, K.T.; Lee, S. Sustainable oscillating triboelectric nanogenerator as omnidirectional self-powered impact sensor. Nano Energy 2018, 50, 1–8. [Google Scholar] [CrossRef]

	



Wu, Y.; Jing, Q.; Chen, J.; Bai, P.; Bai, J.; Zhu, G.; Su, Y.; Wang, Z.L. A Self-Powered Angle Measurement Sensor Based on Triboelectric Nanogenerator. Adv. Funct. Mater. 2015, 25, 2166–2174. [Google Scholar] [CrossRef]

	



Wu, Z.; Zhang, B.; Zou, H.; Lin, Z.; Liu, G.; Wang, Z.L. Multifunctional Sensor Based on Translational-Rotary Triboelectric Nanogenerator. Adv. Energy Mater. 2019, 9, 1901124. [Google Scholar] [CrossRef]

	



Qu, Z.; Wu, L.; Yue, B.; An, Y.; Liu, Z.; Zhao, P.; Luo, J.; Xie, Y.; Liu, Y.; Wang, Q.; et al. Eccentric triboelectric nanosensor for monitoring mechanical movements. Nano Energy 2019, 62, 348–354. [Google Scholar] [CrossRef]

	



Zhang, S.L.; Lai, Y.; He, X.; Liu, R.; Zi, Y.; Wang, Z.L. Auxetic Foam-Based Contact-Mode Triboelectric Nanogenerator with Highly Sensitive Self-Powered Strain Sensing Capabilities to Monitor Human Body Movement. Adv. Funct. Mater. 2017, 27, 1606695. [Google Scholar] [CrossRef]

	



Liu, C.; Wang, Y.; Zhang, N.; Yang, X.; Wang, Z.; Zhao, L.; Yang, W.; Dong, L.; Che, L.; Wang, G.; et al. A self-powered and high sensitivity acceleration sensor with V-Q-a model based on triboelectric nanogenerators (TENGs). Nano Energy 2020, 67, 104228. [Google Scholar] [CrossRef]

	



Xie, L.; Chen, X.; Wen, Z.; Yang, Y.; Shi, J.; Chen, C.; Peng, M.; Liu, Y.; Sun, X. Spiral Steel Wire Based Fiber-Shaped Stretchable and Tailorable Triboelectric Nanogenerator for Wearable Power Source and Active Gesture Sensor. Nano Micro Lett. 2019, 11, 32–41. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Wang, H.; Lyu, Y.; He, C.; Liu, Z. A novel triboelectric nanogenerator based on carbon fiber reinforced composite lamina and as a self-powered displacement sensor. Microelectron. Eng. 2020, 224, 111231. [Google Scholar] [CrossRef]

	



Park, S.; Seol, M.; Kim, D.; Jeon, S.; Choi, Y. Triboelectric nanogenerator with nanostructured metal surface using water-assisted oxidation. Nano Energy 2016, 21, 258–264. [Google Scholar] [CrossRef]

	



Garcia, C.; Trendafilova, I. Real-time diagnosis of small energy impacts using a triboelectric nanosensor. Sensor. Actuat. A Phys. 2019, 291, 196–203. [Google Scholar] [CrossRef]

	



Garcia, C.; Trendafilova, I.; Guzman De Villoria, R.; Sanchez Del Rio, J. Self-powered pressure sensor based on the triboelectric effect and its analysis using dynamic mechanical analysis. Nano Energy 2018, 50, 401–409. [Google Scholar] [CrossRef]

	



Zheng, Y.; Cheng, L.; Yuan, M.; Wang, Z.; Zhang, L.; Qin, Y.; Jing, T. An electrospun nanowire-based triboelectric nanogenerator and its application in a fully self-powered UV detector. Nanoscale 2014, 6, 7842–7846. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Wang, J.; Xie, Y.; Yao, G.; Yan, Z.; Huang, L.; Chen, S.; Pan, T.; Wang, L.; Su, Y.; et al. Self-Powered, Wireless, Remote Meteorologic Monitoring Based on Triboelectric Nanogenerator Operated by Scavenging Wind Energy. ACS Appl. Mater. Interfaces 2016, 8, 32649–32654. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Song, W.; Ma, F.; Wang, H. A flexible multi-layer electret nanogenerator for bending deformation energy harvesting and strain sensing. Mater. Res. Bull. 2018, 102, 130–136. [Google Scholar] [CrossRef]

	



Yang, Y.; Zhang, H.; Chen, J.; Jing, Q.; Zhou, Y.S.; Wen, X.; Wang, Z.L. Single-Electrode-Based Sliding Triboelectric Nanogenerator for Self-Powered Displacement Vector Sensor System. ACS Nano 2013, 7, 7342–7351. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Li, X.; Lin, L.; Du, W.; Han, X.; Zhu, J.; Pan, C.; Wang, Z.L. Triboelectric Nanogenerators as a Self-Powered Motion Tracking System. Adv. Funct. Mater. 2014, 24, 5059–5066. [Google Scholar] [CrossRef]

	



Zhang, Z.; He, J.; Wen, T.; Zhai, C.; Han, J.; Mu, J.; Jia, W.; Zhang, B.; Zhang, W.; Chou, X.; et al. Magnetically levitated-triboelectric nanogenerator as a self-powered vibration monitoring sensor. Nano Energy 2017, 33, 88–97. [Google Scholar] [CrossRef]

	



Song, W.; Gan, B.; Jiang, T.; Zhang, Y.; Yu, A.; Yuan, H.; Chen, N.; Sun, C.; Wang, Z.L. Nanopillar Arrayed Triboelectric Nanogenerator as a Self-Powered Sensitive Sensor for a Sleep Monitoring System. ACS Nano 2016, 10, 8097–8103. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Zhou, Y.S.; Zhang, H.; Liu, Y.; Lee, S.; Wang, Z.L. A Single-Electrode Based Triboelectric Nanogenerator as Self-Powered Tracking System. Adv. Mater. 2013, 25, 6594–6601. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Li, D.; Zhong, W.; Xu, L.; Jiang, T.; Wang, Z.L. Self-Powered Inhomogeneous Strain Sensor Enabled Joint Motion and Three-Dimensional Muscle Sensing. ACS Appl. Mater. Interfaces 2019, 11, 34251–34257. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Guo, H.; Pang, Y.K.; Xi, F.; Yang, Z.W.; Liu, G.; Guo, T.; Dong, G.; Zhang, C.; Wang, Z.L. Flexible Organic Tribotronic Transistor for Pressure and Magnetic Sensing. ACS Nano 2017, 11, 11566–11573. [Google Scholar] [CrossRef]

	



Xu, M.; Wang, P.; Wang, Y.; Zhang, S.L.; Wang, A.C.; Zhang, C.; Wang, Z.; Pan, X.; Wang, Z.L. A Soft and Robust Spring Based Triboelectric Nanogenerator for Harvesting Arbitrary Directional Vibration Energy and Self-Powered Vibration Sensing. Adv. Energy Mater. 2018, 8, 17024329. [Google Scholar] [CrossRef]

	



Han, X.; Zhang, Q.; Yu, J.; Song, J.; Li, Z.; Cui, H.; He, J.; Chou, X.; Mu, J. Self-Powered Acceleration Sensor Based on Multilayer Suspension Structure and TPU-RTV Film for Vibration Monitoring. Nanomaterials 2021, 11, 2763. [Google Scholar] [CrossRef] [PubMed]

	



Mu, J.; Han, X.; Yu, J.; Song, J.; He, J.; Geng, W.; Zou, J.; Xian, S.; Chou, X. Magnetic Levitation Type Double Helix Self-Powered Acceleration Sensor Based on ZnO-RTV Film. Adv. Mater. Technol. 2022, 7, 2100802. [Google Scholar] [CrossRef]

	



Jing, Q.; Xie, Y.; Zhu, G.; Han, R.P.S.; Wang, Z.L. Self-powered thin-film motion vector sensor. Nat. Commun. 2015, 6, 8031. [Google Scholar] [CrossRef] [PubMed]

	



Wang, P.; Zhang, S.; Zhang, L.; Wang, L.; Xue, H.; Wang, Z.L. Non-contact and liquid–liquid interfacing triboelectric nanogenerator for self-powered water/liquid level sensing. Nano Energy 2020, 72, 104703. [Google Scholar] [CrossRef]

	



Zhang, C.; Liu, L.; Zhou, L.; Yin, X.; Wei, X.; Hu, Y.; Liu, Y.; Chen, S.; Wang, J.; Wang, Z.L. Self-Powered Sensor for Quantifying Ocean Surface Water Waves Based on Triboelectric Nanogenerator. ACS Nano 2020, 14, 7092–7100. [Google Scholar] [CrossRef]

	



Li, S.; Liu, D.; Zhao, Z.; Zhou, L.; Yin, X.; Li, X.; Gao, Y.; Zhang, C.; Zhang, Q.; Wang, J.; et al. A Fully Self-Powered Vibration Monitoring System Driven by Dual-Mode Triboelectric Nanogenerators. ACS Nano 2020, 14, 2475–2482. [Google Scholar] [CrossRef] [PubMed]

	



Yi, F.; Lin, L.; Niu, S.; Yang, J.; Wu, W.; Wang, S.; Liao, Q.; Zhang, Y.; Wang, Z.L. Self-Powered Trajectory, Velocity, and Acceleration Tracking of a Moving Object/Body using a Triboelectric Sensor. Adv. Funct. Mater. 2014, 24, 7488–7494. [Google Scholar] [CrossRef]

	



Bao Han, C.; Zhang, C.; Li, X.H.; Zhang, L.; Zhou, T.; Hu, W.; Lin Wang, Z. Self-powered velocity and trajectory tracking sensor array made of planar triboelectric nanogenerator pixels. Nano Energy 2014, 9, 325–333. [Google Scholar] [CrossRef]

	



Yin, X.; Liu, D.; Zhou, L.; Li, X.; Xu, G.; Liu, L.; Li, S.; Zhang, C.; Wang, J.; Wang, Z.L. A Motion Vector Sensor via Direct-Current Triboelectric Nanogenerator. Adv. Funct. Mater. 2020, 30, 2002547. [Google Scholar] [CrossRef]

	



Lin, S.; Zhu, L.; Qiu, Y.; Jiang, Z.; Wang, Y.; Zhu, J.; Wu, H. A self-powered multi-functional sensor based on triboelectric nanogenerator for monitoring states of rotating motion. Nano Energy 2021, 83, 105857. [Google Scholar] [CrossRef]

	



Xie, Z.; Wang, Y.; Wu, R.; Yin, J.; Yu, D.; Liu, J.; Cheng, T. A high-speed and long-life triboelectric sensor with charge supplement for monitoring the speed and skidding of rolling bearing. Nano Energy 2022, 92, 106747. [Google Scholar] [CrossRef]

	



Cheng, G.; Lin, Z.; Du, Z.; Wang, Z.L. Simultaneously Harvesting Electrostatic and Mechanical Energies from Flowing Water by a Hybridized Triboelectric Nanogenerator. ACS Nano 2014, 8, 1932–1939. [Google Scholar] [CrossRef]

	



Li, C.; Wang, Z.; Shu, S.; Tang, W. A Self-Powered Vector Angle/Displacement Sensor Based on Triboelectric Nanogenerator. Micromachines 2021, 12, 231. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Cui, P.; Zhang, J.; Ge, Y.; Liu, X.; Xuan, N.; Gu, G.; Cheng, G.; Du, Z. A stretchable self-powered triboelectric tactile sensor with EGaIn alloy electrode for ultra-low-pressure detection. Nano Energy 2021, 89, 106320. [Google Scholar] [CrossRef]

	



Park, J.; Kim, D.; Kim, Y.T. Soft and transparent triboelectric nanogenerator based E-skin for wearable energy harvesting and pressure sensing. Nanotechnology 2021, 32, 385403. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Guo, Y.; Chen, Z.; Yang, W.; Li, K.; He, X.; Li, J. Highly sensitive self-powered pressure and strain sensor based on crumpled MXene film for wireless human motion detection. Nano Energy 2022, 92, 106689. [Google Scholar] [CrossRef]

	



Yu, J.; Chen, L.; Hou, X.; Mu, J.; He, J.; Geng, W.; Qiao, X.; Chou, X. Stretchable and skin-conformal piezo-triboelectric pressure sensor for human joint bending motion monitoring. J. Mater. 2022, 8, 247–256. [Google Scholar] [CrossRef]

	



Pang, Y.; Zhu, X.; Yu, Y.; Liu, S.; Chen, Y.; Feng, Y. Waterbomb-origami inspired triboelectric nanogenerator for smart pavement-integrated traffic monitoring. Nano Res. 2022, 15, 5450–5460. [Google Scholar] [CrossRef]

	



Bu, T.; Xiao, T.; Yang, Z.; Liu, G.; Fu, X.; Nie, J.; Guo, T.; Pang, Y.; Zhao, J.; Xi, F.; et al. Stretchable Triboelectric-Photonic Smart Skin for Tactile and Gesture Sensing. Adv. Mater. 2018, 30, 1800066. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, D.; Xu, Y.; Ling, Z.; Nawaz, H.; Chen, S.; Xu, F. Surface-microstructured cellulose films toward sensitive pressure sensors and efficient triboelectric nanogenerators. Int. J. Biol. Macromol. 2022, 208, 324–332. [Google Scholar] [CrossRef]








[image: Sensors 22 04837 g001 550] 





Figure 1. Structures of contact mode TENGs: (a) Spring-supported TENG (Reproduced with permission [20]. Copyright 2017 Elsevier); (b) An elastic beam-based TENG with two steady states (Reproduced with permission [41]. Copyright 2018 Elsevier); (c) A TENG with micro-pyramids on tribo-pair (Reproduced with permission [30]. Copyright 2016 Elsevier); (d) A TENG with flexible PTFE film (Reproduced with permission [43]. Copyright 2014 American Chemical Society). 
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Figure 2. Structures of sliding mode TENGs: (a) A wearable TENG integrated into a deformable band (Reproduced with permission [21]. Copyright 2019 The Authors); (b) A TENG with grating structures (Reproduced with permission [33]. Copyright 2019 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 
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Figure 3. Structures of single-electrode mode TENGs: (a) A flexible film-structured TENG attached to skin (Reproduced with permission [22]. Copyright 2018 American Chemical Society); (b) A flexible and stretchable TENG with wrinkled structure (Reproduced with permission [46]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (c) A ladder-structured TENG integrated into a smart glove (Reproduced with permission [47]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 
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Figure 4. Structures of freestanding triboelectric-layer-based TENGs: (a) An FTENG with contact mode for vibration sensing (Reproduced with permission [23]. Copyright 2014 American Chemical Society); (b) A FTENG with sliding mode for translational motion sensing (Reproduced with permission [51]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (c) A non-contact TENG with a disk-like structure (Reproduced with permission [52]. Copyright 2014 American Chemical Society); (d) A non-contact TENG with a tube-like structure (Reproduced with permission [53]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 
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Figure 5. Structures of triboelectric-electromagnetic hybrid generators: (a) A waterwheel-like structure with EMG acting as the base (Reproduced with permission [24]. Copyright 2018 Elsevier); (b) A wind speed sensor with EMG acting as the base (Reproduced with permission [54]. Copyright 2018 American Chemical Society); (c) A SFTENG with EMG integrated into the structure (Reproduced with permission [55]. Copyright 2016 American Chemical Society). 
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Figure 6. Structures of triboelectric-piezoelectric hybrid generators: (a) A pressure sensor with a self-poled P(VDF-TrFE) sponge acting as the tribo-layer (Reproduced with permission [25]. Copyright 2017 Tsinghua University Press and Springer-Verlag GmbH Germany); (b) A vibration sensor with a double-arched structure (Reproduced with permission [57]. Copyright 2017 Elsevier). 
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Figure 7. Structures of (a) (i–iv) sphere-based sensors, ((i) Reproduced with permission [26]. Copyright 2018 Elsevier; (ii) Reproduced with permission [59]. Copyright 2017 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany; (iii) Reproduced with permission [58]. Copyright 2020 The authors; (iv) Copyright 2013 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany; (b) (i–iii) fiber-based sensors, (i) Reproduced with permission [27]. Copyright 2017 The Royal Society of Chemistry; (ii) Reproduced with permission [63]. Copyright 2016 The authors; (iii) Reproduced with permission [64]. Copyright 2016 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany and (c) (i–iii) rotator-stator structured sensors. ((i) Reproduced with permission [28]. Copyright 2019 The authors; (ii) Reproduced with permission [65]. Copyright 2018 American Chemical Society; (iii) Reproduced with permission [66]. Copyright 2016 IOP Publishing Ltd. (Bristol, UK)). 
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Figure 8. The statistics histogram of (a) negative materials of tribo-pair, and (b) positive materials of tribo-pair. * represents the abbreviation: SR (silicone rubber); PT (P(VDF-TrFE)); PL (Parylene); SC (silicone); EM (electrode material); PH (PDMS/PVDF-HFP); SF (silk-fibroin). 
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Figure 9. (a) The schematic diagram of the electrospinning process (Reproduced with permission [71]. Copyright 2017 American Chemical Society). The SEM image of nanofibers made of (b) nylon, (Reproduced with permission [29]. Copyright 2016 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (c) PVDF (Reproduced with permission [71]. Copyright 2017 American Chemical Society) and (d) PVP (Reproduced with permission [88]. Copyright 2018 Elsevier). 
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Figure 10. The AFM images of (a) ICP-treated and (b) non-treated PTFE films (Reproduced with permission [91]. Copyright 2018 Elsevier). Different nanostructures fabricated on the material surface: (c) nanowires (Reproduced with permission [32]. Copyright 2013 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (d) nanoparticles (Reproduced with permission [92]. Copyright 2013 American Chemical Society) and (e) nanorods (Reproduced with permission [93]. Copyright 2014 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 






Figure 10. The AFM images of (a) ICP-treated and (b) non-treated PTFE films (Reproduced with permission [91]. Copyright 2018 Elsevier). Different nanostructures fabricated on the material surface: (c) nanowires (Reproduced with permission [32]. Copyright 2013 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (d) nanoparticles (Reproduced with permission [92]. Copyright 2013 American Chemical Society) and (e) nanorods (Reproduced with permission [93]. Copyright 2014 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany).



[image: Sensors 22 04837 g010]







[image: Sensors 22 04837 g011 550] 





Figure 11. Regular structures on the material surface: (a) line-like structures; (b) cube-like structures, and (c) pyramid-like structures (Reproduced with permission [77]. Copyright 2012 American Chemical Society). 
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Figure 12. The statistics histogram of electrode materials. * represents the abbreviation: NA (Ni foam/Ag); CS (carbon sponge); CDS (conductive sponge); CF (conductive fabric); PPS (PEDOT:PPS). 
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Figure 13. The acceleration-output relationships of (a) a multilayer suspension structured acceleration sensor (Reproduced with permission [100]. Copyright 2021 The authors) and (b) a double helix acceleration sensor (Reproduced with permission [101]. Copyright 2021 Wiley-VCH GmbH); (c) The real-time measured displacement and given displacement; (d) The real-time measured velocity and given velocity (Reproduced with permission [51]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 
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Figure 14. (a) (i) Image of the sensor array including 16 TENGs, (ii) the produced mapping images when an object moves along “1→6→11→16” (Reproduced with permission [96]. Copyright 2013 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (b) (i) The schematic diagram of trajectory tracking sensor array in which the trajectory of the object is from A to B, (ii) the current pulse signal from an output port versus time, (iii) the current pulse signal from both x and y (Reproduced with permission [107]. Copyright 2014 Elsevier); (c) (i) Schematic to describe the displacement of the motion vector sensor in a plane, (ii) working mechanism of the motion vector sensor (Reproduced with permission [108]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 






Figure 14. (a) (i) Image of the sensor array including 16 TENGs, (ii) the produced mapping images when an object moves along “1→6→11→16” (Reproduced with permission [96]. Copyright 2013 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (b) (i) The schematic diagram of trajectory tracking sensor array in which the trajectory of the object is from A to B, (ii) the current pulse signal from an output port versus time, (iii) the current pulse signal from both x and y (Reproduced with permission [107]. Copyright 2014 Elsevier); (c) (i) Schematic to describe the displacement of the motion vector sensor in a plane, (ii) working mechanism of the motion vector sensor (Reproduced with permission [108]. Copyright 2020 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany).
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Figure 15. (a) The rotation sensor and its rectified voltage signals under different rotating speed (Reproduced with permission [109]. Copyright 2021 Elsevier); (b) (i) Schematic illustration of the ball-bearing structured TENG, (ii) the 26 voltage peaks at the rotating speed of 301 rpm, and the calculated speed of 301.13 rpm (Reproduced with permission [66]. Copyright 2016 IOP Publishing Ltd.); (c) A roller-bearing-based TENG for rotating sensing and its voltage in response to rotation movement with 360° rotation (Reproduced with permission [36]. Copyright 2018 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany); (d) The output voltage from four channels, which indicate that the rotator rotates to (I) 0°, (II) 90°, (III) 180°, and (IV) 270°. (Reproduced with permission [79]. Copyright 2015 WILEY-VCH Verlag GmbH & Co., KGaA, Weinheim, Germany). 
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Table 1. Part of the triboelectric series of materials and their triboelectric charge density (TECD) (Reproduced with permission [70]. Copyright 2019 The authors).
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	Materials
	Abbr.
	Average TECD (μC m−2)





	Clear polyvinyl chloride
	PVC
	−117.53



	Polytetrafluoroethylene
	PTFE
	−113.06



	Polystyrene
	PS
	−103.48



	Polydimethylsiloxane
	PDMS
	−102.05



	Polyimide film
	PI
	−92.88



	Polyvinylidene fluoride
	PVDF
	−87.35



	Polyethylene
	PE
	−71.20



	Clear cast acrylic
	PMMA
	−48.73



	Silicone
	-
	−47.30



	Polypropylene
	PP
	−27.23



	Cast nylon 6
	PA6
	−18.35



	Copy paper
	-
	−18.35
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Table 2. The performance of TENG sensors for pressure.






Table 2. The performance of TENG sensors for pressure.





	
Sensitivity

	
Detection Range

	
Response Time (ms)

	
Recovery Time (ms)

	
Reference






	
0.293 mV Pa−1

	
0.23 Pa~13.12 kPa

	
26

	
32

	
[113]




	
0.103 mV Pa−1

	
13.12~95.95 kPa




	
0.21 Pa−1

	
20~1000 Pa

	
110

	
120

	
[98]




	
8.8 mV Pa−1

	
200~800 Pa

	
N/A

	
N/A

	
[88]




	
3.9 mV Pa−1

	
800~1400 Pa




	
98.34 mV Pa−1

	
0~0.17 kPa

	
90

	
60

	
[118]




	
2.6 mV Pa−1

	
0.17~1.7 kPa




	
0.13 mV Pa−1

	
1.7~30 kPa




	
0.08 V kPa−1

	
2~60 kPa

	
200

	
35

	
[46]




	
0.008 V kPa−1

	
60~160 kPa




	
2.67 kPa−1

	
0~4.7 kPa

	
62

	
52

	
[119]




	
0.46 kPa−1

	
4.7~20 kPa




	
0.3 V kPa−1

	
0~200 kPa

	
N/A

	
N/A

	
[116]




	
0.05 V kPa−1

	
200~800 kPa




	
2.97 V kPa−1

	
0~600 kPa

	
60

	
N/A

	
[73]




	
0.02 V kPa−1

	
600~900 kPa
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