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SUMMARY  

 

With the threatening of global warming and energy crises, searching for renewable 

and green energy resources with reduced carbon emissions is one of the most urgent 

challenges to the sustainable development of human civilization. In the past decades, 

increasing research efforts have been committed to seek for clean and renewable energy 

sources as well as to develop renewable energy technologies. 

Mechanical motion ubiquitously exists in ambient environment and peopleôs daily 

life. In recent years, it becomes an attractive target for energy harvesting as a promising 

supplement to traditional fuel sources and a potentially alternative power source to battery-

operated electronics. Until recently, the mechanisms of mechanical energy harvesting are 

limited to transductions based on piezoelectric effect, electromagnetic effect, electrostatic 

effect and magnetostrictive effect. Widespread usage of these techniques is likely to be 

shadowed by possible limitations, such as structure complexity, low power output, 

fabrication of high-quality materials, reliance on external power sources and little 

adaptability on structural design for different applications. In 2012, triboelectric 

nanogenerator (TENG), a creative invention for harvesting ambient mechanical energy 

based on the coupling between triboelectric effect and electrostatic effect has been 

launched as a new and renewable energy technology.  The concept and design presented in 

this thesis research can greatly promote the development of TENG as both sustainable 

power sources and self-powered active sensors. And it will greatly help to define the TENG 

as a fundamentally new green energy technology, featured as being simple, reliable, cost-

effective as well as high efficiency. 
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CHAPTER 1 

INTRODUCTION  

 

1.1 Mechanical energy harvesting 

With the threatening of global warming and energy crises, searching for renewable 

and green energy resources with reduced carbon emissions is one of the most urgent 

challenge to the sustainable development of human civilization.1-3 In the past decades, 

increasing research efforts have been committed to seek for clean and renewable energy 

sources as well as to develop renewable energy technologies. In the meanwhile, the 

tremendous development of portable electronics and sensor networks necessitates 

sustainable and stable energy sources for them.  

Mechanical motion ubiquitously exists in ambient environment and peopleôs daily 

life. In recent years, it becomes an attractive target for energy harvesting as a promising 

supplement to traditional fuel sources and a potentially alternative power source to battery-

operated electronics. Until recently, the mechanisms of mechanical energy harvesting are 

limited to transductions based on electromagnetic effect,4-6 electrostatic effect,7-9 

piezoelectric effect.10-15  

Based on the electromagnetic effect, an electromagnetic generator is capable of 

converting mechanical energy into electrical power for use in an external circuit. It usually 

consists of a magnet on a polyimide spring.  It is the current technology for large-scale 

mechanical energy harvesting. However, an obvious disadvantage of this technology was 

that the output voltage was very low, due to the single current path through the magnetic 

flux. Furthermore, it has a very low power output when miniaturized and little adaptability 



2 

 

on structural design for various applications. The device structure of a typical example of 

electromagnetic generator was shown in Figure 1.1a.5  It consisted of four magnets, which 

were attached to both the top and bottom surfaces of a cantilever beam. Designed for 

ambient vibration energy harvesting, its electrical output was illustrated in Figure 1.1b. 

And an output power of 10.82 mW was delivered at a beam vibration frequency of 58.5 Hz.  

 

Figure 1.1 (a) A sketch showing the structural design of a typical electromagnetic 

generator for ambient vibration energy harvesting. (b) The excitation frequency depended 

power output of the micro-electromagnetic generator.5 

 

 By utilizing the electrostatic effect, an electrostatic generator develops electrostatic 

charges of opposite signs rendered to two conductors. And the external mechanical motions 

can carry electric charge to a high potential electrode, in this processing, it converts the 

mechanical motions into electricity. Wehrsen Machine and the Van de Graaff generator are 

popular traditional electrostatic generators. Recent efforts have been committed to 

minimize the total size of the device in the field of electrostatic generator. In this regards, 

separated by a passive spacing gap, an in-plane electrostatic generator based on electrets 

materials were develpped.8 As shown in Figure 1.2a, a repulsive electrostatic force was 

induced by a patterned electrets material, while a dual-phase electrode arrangement is 

adopted for reducing the horizontal electrostatic damping force. As demonstrated in Figure 

1.2b, a power output of 0.56 mW was delivered by the reported electrostatic generator. 
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Figure 1.2 (a) The schematic structural design of an electrostatic generator. (b) 

Dependence of the output power on the external loading resistances.8  

 

While for the piezoelectric effect based generator, it harnesses the strain induced 

piezoelectric polarization in certain crystals, such as ZnO and PZT, the potential created 

by polarization charges can drive the flow of electrons across two electrodes placed on the 

top and bottom surfaces of the crystal. In this processing, the mechanical motion is thus 

converted into the electricity in the external circuit.  

In summary, widespread usage of these techniques is likely to be shadowed by 

possible limitations. For both the electromagnetic-based and electrostatic generator, they 

deliver low power output when miniaturized, and they both have little adaptability on 

structural design for various applications. With sophisticated structure and special 

fabrication materials, they also suffer from high manufacturing cost.  And for electrostatic-

based generator, it needs external DC voltage to maintain the static charge. While regarding 

the piezoelectric effect based generator, the low power output greatly limited its practical 

applications as sustainable power sources. 

 

1.2 Triboelectric nanogenerators 
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In 2012, triboelectric nanogenerator (TENG), a creative invention for harvesting 

ambient mechanical energy based on triboelectric effect,16, 17 has been launched as a new 

and renewable energy technology. The first triboelectric nanogenerator is demonstrated in 

Figure 1.3.18 

 

Figure 1.3 A schematic illustration of the device structure and working principle of the 

first triboelectric generator. (a) The structure of the triboelectric nanogenerator in bending 

and releasing process and experimental setup for electrical measurement. (b) An 

illustration of the working principle of the first triboelectric nanogenerator.18 

 

The first-reported triboelectric nanogenerator has a multilayer structure. Due to the 

coupling between triboelectric effect and electrostatic induction, the periodic contact and 

separation between PET and Kapton, triggered by external mechanical motion, 

alternatingly drives the induced electrons between electrodes. And a peak voltage of 3.3 V, 

a current of 0.6 mA with a peak power density of 10.4 mW/cm3 was delivered. In this 

process, the mechanical energy is effectively converted into electricity. 
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Since the launching of the first triboelectric nanogenerator, it attracts growing 

scientific attentions, and has been proved to be a cost-effective, simple and robust 

technique in the field of mechanical energy harvesting.19-28 The past three years has 

witnessed the remarkable progress in the triboelectric nanogenerator based self-powered 

devices and systems.29-31 Currently, four fundamental operation modes of the triboelectric 

nanogenerator have been systematically developed, which respectively are vertical contact-

separation mode,26-28 in-plane linear sliding mode,32, 33 single electrode mode,34, 35 and 

freestanding triboelectric-layer mode,36 as schematically shown in Figure 1.4.  

 

Figure 1.4 The working mechanism of four modes of triboelectric nanogenerator.31  

 

In the following sections, we will elaborate each operation mode of the triboelectric 

nanogenerator in details as well as introduce corresponding unique applications. 
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1.2.1 The vertical contact-separation mode 

The vertical contact-separation mode is the first invented operation mode for the 

triboelectric nanogenerator. A physical contact between the two dielectric films with 

different electron affinity creates oppositely charged surfaces. Once the two surfaces are 

separated by a gap, a potential drop is created between electrodes deposited on the top and 

the bottom surfaces of two dielectric films, as shown in Figure 1.5a.28  If the two electrodes 

are electrically connected by a load, free electrons in one electrode would flow to the other 

electrode in order to balance the electrostatic field, as demonstrated in Figure 1.5b. Once 

the gap is closed, the triboelectric charge created potential disappears, the electrons flow 

back. In a word, the periodic contact and separation between two materials alternatingly 

drives induced electrons between electrodes. 

 

Figure 1.5 Sketches that illustrate the working principle of a typical vertical contact-

separation mode triboelectric nanogenerator. (a) Open-circuit condition. (b) Short-circuit 

condition. 28 
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1.2.2  The in-plane sliding mode 

The structure to start with is the same as that for the vertical contact-separation 

mode. When two materials with opposite triboelectric polarities, for instance PTFE and 

aluminum, are brought into contact, surface charge transfer takes place due to the 

triboelectric effect. Since PTFE is much more triboelectrically negative than aluminum, 

electrons are injected from aluminum into PTFE, as shown in Figure 1.6.33 

 

Figure 1.6 Triboelectric nanogenerator based on sliding electrification. (a) Schematic of 

the operation process of an in-plane sliding triboelectric nanogenerator. (b) A cycle of 

electricity generation process for illustrating the mechanism of the TENG.Electrical 

measurement results of an in-plane sliding triboelectric nanogenerator. (c) Short-circuit 

current and enlarged view of a cycle (d) highlighted in (c). Insets: relative positions 

between the two sliding surfaces that correspond to the current output. (d) Open-circuit 

voltage. (e) Rectified current by a full-wave diode bridge. (f) Accumulative inductive 

charges generated by the TENG.33 
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At aligned position, though triboelectric charges present on the surfaces, positive 

ones on aluminum are fully compensated by the negative ones on PTFE, producing no 

electric field in surrounding space if the electric field at the edge is ignored. Once a relative 

displacement is introduced by an externally applied force in the direction parallel to the 

surfaces, triboelectric charges are not compensated at the displaced/mismatched areas, 

resulting in the creation of an effective dipole polarization parallel to the direction of the 

displacement. Therefore, the uncompensated charges generate electric potential difference 

across the two electrodes, which will repulsively drive free electrons on the copper 

electrode to the aluminum electrode, neutralizing the positive triboelectric charges and 

leaving behind positive inductive charges. The flow of inductive electrons lasts until the 

displacement reaches the maximum. As the displacement is diminished by the 

reciprocating force, the inductive electrons flow back to the copper electrode until the fully 

aligned position is restored. Therefore, in the entire process, alternating current is produced 

through the external load. 

 

1.2.3 The single-electrode mode 

For both the vertical contact-separation mode and in-plane sliding mode 

triboelectric nanogenerators, the moving objects need to be bonded with an electrode and 

a lead wire. Such  a  device configuration largely limits TENGsô versatility and 

applicability for  harvesting  energy  from  an  arbitrary  moving  object, because the object 

has to be connected to the entire system by an  interconnect. With this regards, the single 

electrode mode triboelectric nanogenerator was developed.34 A typical example of single-
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electrode TENGs is shown in Figure 1.7. In the original position, PTFE and aluminum fully 

contact each other, which will result in that electrons are injected from aluminum to PTFE, 

 

Figure 1.7  Sketches that illustrate the working principle of a typical single electrode mode 

triboelectric nanogenerator.34 

     

since PTFE is much more triboelectrically negative than aluminum. Once the negatively 

charged PTFE slides apart, a decrease of the induced positive charges on the Al will occur, 

and thus the electrons will flow from ground to aluminum till the two plates are entirely 

separated. Then, when the PTFE slides backward, the induced positive charges on the 

aluminum increase, driving the electrons to flow from aluminum to the ground till the two 

plates fully overlapped. This is a full cycle of electricity generation process of the single-

electrode mode triboelectric nanogenerator. 

 

1.2.4 The freestanding triboelectric-layer mode 

The freestanding triboelectric-layer mode triboelectric nanogenerator is also 

capable of scavenging energy from the mechanical motion without an attached electrode. 

If we make a pair of symmetric electrodes underneath a dielectric layer and the size of the 
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electrodes and the gap distance between the two are of the same order as the size of the 

moving object, the objectôs approaching to and/or departing from the electrodes create an 

asymmetric charge distribution in the media, which causes the electrons to flow between 

the two electrodes to balance the local potential distribution. 

 

Figure 1.8 Sketch that illustrates the structure design of a typical freestanding triboelectric-

layer mode triboelectric nanogenerator and its application in harvesting mechanical energy 

from human walking.36 

 

The oscillation of the electrons between the pair electrodes produces electricity. 

One typical structure of freestanding triboelectric-layer mode triboelectric nanogenerator 

is shown in Figure 1.8.36 Given the unique applicability resulting from distinctive 

mechanism and device structure, the freestanding triboelectric-layer mode triboelectric 

nanogenerator can be utilized to harvest energy from a walking human or a moving 

automobile.  
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1.3 Objective of the research 

Mechanical motions, in various forms, is ubiquitous in ambient environment with 

wide-range of scale, from air flow, ocean wave to human activities such as walking, 

running, even heartbeat, throat vibration and breathing, from operating household 

appliances such as washing machines and refrigerators to bouncing automobile tires on a 

gravel road. With this regards, the objective of this thesis research is mainly devoted to 

developing and expanding the applicability of triboelectric nanogenerators, which is 

engaged in fundamental working mode development, functional materials synthesis as well 

as applications directed device design for various mechanical energy harvesting. The 

concept and design presented in this dissertation research can greatly promote the 

development of TENG as sustainable power sources and self-powered active sensors. 
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CHAPTER 2 

TENG AS SUSTAINABLE POWER SOURCES 

 

2.1 TENG for vibration energy harvesting 

Vibration, as a type of common mechanical motion, ubiquitously exists in peopleôs 

daily life. In recent years, it becomes an attractive target for energy harvesting as a 

potentially alternative power source to battery-operated electronics. Until recently, the 

mechanisms of vibrational energy harvesting are limited to transductions based on 

piezoelectric effect,11 electromagnetic effect,5 electrostatic effect7. Widespread usage of 

these techniques is likely to be shadowed by possible limitations, such as structure 

complexity,37 fabrication of high-quality materials,38 and reliance on external power 

source.7 Furthermore, all of the mechanisms require energy harvesting devices to operate 

at or within a very narrow range around resonance frequency. However, the majority of the 

ambient vibrations have a wide distribution of frequency spectrum, which may even drift 

over time, making the conventional mechanisms unsuitable in most circumstance.39 With 

this regards, we introduced a new principle in harvesting vibration energy by fabricating 

several triboelectric nanogenerators, as elaborated in the following sections. 

 

2.1.1 Harmonic-resonator-based TENG 

The harmonic-resonator-based TENG has a multilayer structure with acrylic as 

supporting substrates, as schematically shown in Figure 2.1a.40 Acrylic was selected as the 
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structural material owing to its decent strength, light weight, good machinability and low 

cost. A photograph of an as-fabricated TENG is shown in Figure 2.1b. 

 

Figure 2.1 Harmonic Resonator Based Triboelectric Nanogenerator. (a) Sketch and (b) 

photograph of a typical harmonic resonator based TENG. (c) SEM image of nanopores on 

aluminum electrode. (d) SEM image of PTFE nanowires. (e) Process flow for fabricating 

the Harmonic Resonator Based TENG.40 

 

On the upper substrate, aluminum thin film with nanoporous surface plays dual 

roles of an electrode and a contact surface. Scanning electron microscopy (SEM) image of 

nanopores on the aluminum is presented in Figure 2.1c. The average diameter of aluminum 

nanopores are 57 5nm and a pore depth of 0.80.2 mm with a distribution density of 212 

per mm2. A layer of polytetrafluoroethylene (PTFE) film was adhered to the lower substrate 

with deposited copper as another electrode. PTFE nanowires arrays were created on the 

exposed PTFE surface by a top-down method through reactive ion etching.41 SEM image 
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of the PTFE nanowires is displayed in the Figure 2.1d. The average diameter of PTFE 

nanowires is 54 3 nm with an average length of 1.5 0.5 mm.  A detailed fabrication 

process for the TENG is sketched in Figure 2.1e. 

To investigate the TENGôs performance of harvesting vibration energy, an 

electrodynamic shaker (Labworks Inc.) that provides sinusoidal wave was employed as a 

vibration source with tunable frequency and amplitude. The lower substrate of the TENG 

was anchored on the shaker, leaving the the upper part free-standing. At a fixed vibration 

amplitude, the reliance of electric output on the input vibration frequency is presented in 

Figure 2.2A and Figure 2.2B. The electric output can be measured with broad input 

frequency varying from 2 Hz to 200 Hz. Compared to state-of-the-art vibration energy 

harvesters that are based on nonlinear and topology variation,42-44 it has a considerably 

wider working bandwidth 13.4 Hz.    

Experimentally, both the open-circuit voltage (Voc) and the short-ciruit current (Isc) 

are maximized at the vibriation frequency of 14.5 Hz with maximum values of 287.4 V 

and 76.8 mA, respectively, indicating that 14.5 Hz is the resonance frequency of the TENG. 

Theoretically, for a single degree-of-freedom vibration system, the natural frequency is 

given by 

Ὢ =                                                                                                                      (2.1) 

where Ὢ is the natural frequency, ά  is the mass of the upper substrate plus the aluminum 

film, and k is the stiffness coefficient of each spring. For the TENG, ά  is 56.8 g, and 

spring stiffness coefficient is 112 N/m. Submitting the values into equation 2.1, we can 

obtain the natural frequency Ὢ of 14.1Hz, which is well consistent with the experimental 

result. 
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At the resonance frequency, the Voc is elaborated in Figure 2.2c. It has a uniform 

quasi-sinusoidal signal due to the fact that the upper substrate of the TENG vibrates in a 

harmonical manner. Theoretically, the harmonic-resonator-based TENG can be regarded 

as a damped system subjected to a harmonically varying force. Therefore, the maximum 

Voc at the resonance frequency can be expressed as 

Voc-rf  = Ͻ                                                                                                                 (2.2) 

where „ is the triboelectric charge density (0.00281mC/cm2), ‐ is the vacuum permittivty 

(8.85 ρπ  F/m),  ‒ is the damping factor of the TENG system (0.34 by experimental 

measurement), and a is the acceleration of the electrodynamic shaker (a typical value of 

g/50 (g is the gravitational acceleration)).  

 

Figure 2.2 Electrical measurement results of a harmonic resonator based TENG. (a) Open-

circuit voltage (Voc) as a function of vibration frequency. The curve is the fitted result. (b) 

Short-circuit current (Isc) as a function of vibration frequency. The curve is a fitted result. 

(c) Open-circuit voltage (Voc) at vibration frequency of 14.5 Hz. (d) Short-circuit current 

(Isc) at vibration frequency of 14.5 Hz. Inset: enlarged view if one cycle. (e) Dependence 

of the voltage and current output on the external load resistance. The points represent peak 

value of electric signals while the lines are the fitted results. (f) Dependence of the peak 

power output on the resistance of the external load, indicating maximum power output 

when R = 5 Mɋ. The curve is fitted result.40 
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The theoretical result of the Voc at the resonance frequency is calculated to be 464.2 

V, which is larger than the experimental result of 287.4 V.  The difference likely results 

from the assumptions made in the analytical model and non-ideal factors in the experiment. 

First, equation 2.2 is based on an assumption that the two contact surfaces are smooth. 

However, surface modification by nanomaterials is employed in the real case, leading to 

substantially enhanced contact area and thus higher triboelectric charge density. The value 

of triboelectric charge density submitted into equation 2.2 is obtained experimentally. 

Therefore, it is very likely to result in an overestimation of the theoretical Voc. In addtion, 

non-ideal factors such as humidity and particle contaminations in the air, which are not 

considered in the theoretical model, may potentially have negative impact on the actual 

voltage output. As shown in Figure 2.2d, the output current at the resonance frequency has 

an alternating behavior with asymmetrical amplitudes. It is found that the larger peaks 

correspond to the process in which the two contact surfaces move apart after collision; 

while the smaller ones are generated as the two surfaces approach each other. Given the 

same amount of charges transported back and forth, the faster separation is expected to 

produce larger current peaks than the slower approach, leading to the asymmetry.  

Resistors were utilized as external loads to further investigate the output power of 

the TENG at the resonance frequency. As displayed in Figure 2.2e, the current amplitude 

drops with increasing load resistance owing to the Ohmic loss, while the voltage follows a 

reverse trend.  As a result,  the instantanenous peak power (V2
peak/R) is maximized at a 

load resistance of 5 Mɋ, coresponding to a peak power density of 726.1 mW/m2 (Figure 

2.2f). To prove the capability of the harmonic resonator based TENG as a sustainable 

http://dict.cn/alternating%20current%20%28AC%29
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power source and an active vibration sensor, four sets of practical applications were 

demonstrated.  

 

Figure 2.3. Demonstration of the harmonic resonator based TENG as a sustainable power 

source and self-powered active vibration sensor. (a) Photograph that shows TENG is 

working on an electrodynamic shaker at the vibration frequency of 60 Hz, which is the 

United States national power frequency. About 100 LEDs are being lighted up 

simultaneously without strobe perceived by a naked eye. (b) Photograph that shows TENG 

is working on an automotive engine. When the car starts up, the ñNGò is being lighted up 

simultaneously. (c) Photograph that shows TENG works when a human hands slapping a 

firm table. Due to the table vibration, about 20 LEDs are being lighted up simultaneously. 

(d) TENG acts as active vibration sensor for distance measurement as well as ambient 

vibration detection. When a human walks naturally approaching the TENG, which is fixed 

on the floor, the output signal is exponentially increased.40 

 

First, as shown in Figure 2.3a,  the TENG was excited by an electrodynamic shaker 

at a vibration frequency of 60 Hz, lighting up almost 100 LED bulbs simultaneously and 

continuously without observable strobeflash. Secondly, shown in Figure 2.3b, the TENG 

was mounted onto an automotive engine. It sucessfully harvests vibrational energy from 
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the operating engine and powers about 20 LED bulbs simultaneously. The third practical 

application shows that the TENG, sitting on a table, generates electricity and drives small 

electronics as impact from a nearby human palm initiates vibration of the table (Figure 

2.3c). Lastly, as demonstrated in Figure 2.3d, the TENG  can also act as an active vibration 

sensor for detecting ambient vibration. When a human natually walks beside the TENG 

that is placed on the floor, electric output can be succesfully obtained. With the maximum 

effective range of 5 m, the electric output amplitude is exponentially related to the distance 

between the TENG and the footstep. These demonstrated applications prove that the TENG 

is sensitive to small ambient vibrations, making it suitable to a wide range of 

circumsntacnes for either energy-harvesting or sensing purposes, e.g. highways, bridges, 

and tunnels.    

 

2.1.2 Three-dimensional TENG 

Vibrations in our living environments are generally distributed over a wide 

frequency spectrum and exhibit multiple motion directions over time, which renders most 

of the current vibration energy harvesters unpractical for their purposes. With this regard, 

a three-dimensional triboelectric nanogenerator (3D-TENG) was developed, which can 

works in a hybridization mode of conjunctioning the vertical contact-separation mode and 

the in-plane sliding mode.45 The innovative design facilitates harvesting random vibration 

energy in multiple directions over a wide bandwidth. The 3D-TENG has a multilayer 

structure with circular acrylic as supporting substrates, as schematically shown in Figure 

2.4a. The cylindroid core of the 3D-TENG lies at the center of the acrylic substrate with a 

bottom diameter of 3 cm. 
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Figure 2.4 Three-dimensional triboelectric nanogenerator. (a) Schematic of a 3D-TENG. 

(b) SEM image of nanopores on aluminum electrode. (c) A photograph of the fabricated 

3D-TENG.45 

 

On the top of the core, an iron mass is mobile and suspended by three identical 

springs with an included angle of 1200 between each other. The designed structural 

symmetry assures that the whole system has a constant resonant frequency at arbitrary in-

plane directions. A layer of polytetrafluoroethylene (PTFE) film as one contact surface was 

adhered onto the bottom side of circular iron mass with deposited copper thin film as the 

back electrode. Attached to the bottom acrylic substrate, aluminum thin film with 

nanopores modification plays dual roles as a contact electrode and the other contact surface. 

The scanning electron microscopy (SEM) images of aluminum nanopores are shown in 

Figure 2.3b. Figure 2.3c is a photograph of the real 3D-TENG device.  

To operate, an electrodynamic shaker is still used as an external vibration source 

with controlled amplitude and acceleration. The supporting acrylic substrate of the 3D-

TENG is anchored on the shaker table to investigate the relationship between the electrical 

outputs and input frequency when it works in a vertical contact-separation mode. 
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Figure 2.5 Frequency responses of the 3D-TENG. (a) Frequency response of 3D-TENG 

under out-of-plane excitation. (b-f) Frequency responses of 3D-TENG at in-plane 

excitation angles of 00, 450, 900, 1350 and 1800, respectively.45 

 

As shown in Figure 2.5a, both the voltage and current present a rapid increasing 

with the increase of frequency from 10 to 36 Hz. The maximum values of the voltage and 

current respectively reach 123 V and 21 ɛA at the frequency of 36 Hz. Then, the voltage 

and current both gradually decrease to their minima as the frequency increases from 36 to 

140 Hz. The larger separation at 36 Hz would cause a larger contacting force when the two 

objects impact together. Since the aluminum surface was patterned with nanopores, a larger 

impact will largely increase the effective contact area between the two surfaces, and thus 

the total electric output. In addition, if the half peak voltage point is adopted as the criteria 

of the working bandwidth, 3D-TENG shows an extremely wide working bandwidth up to 

75 Hz in a low vibration frequency range under the out-of-plane excitation.  

When it comes to the in-plane sliding mode, the electric outputs were measured 

with the input excitation frequencies in a range from 10 to 55 Hz at different in-plane 
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excitation angles (00, 450, 900, 1350, 1800), as shown in Figures 2.5 b-f. The results proved 

that the 3D-TENG is capable of harvesting vibration energy from all of the in-plane 

directions. Considered the non-ideal experimental factors, such as the variation of the 

spring stiffness factors and the deviation of the fabricated structure symmetry, the 3D-

TENG has almost the same responses to the external vibrations at arbitrary in-plane 

directions. Furthermore, both the voltage and current are maximized at the frequency of 36 

Hz at all excitation angles. And slightly nonlinear behaviors are observed in all of the 

output responses mainly owing to the non-linear topology structure of the spring vibration 

system. In addition, the 3D-TENG also shows a considerably wide working bandwidth of 

14.4 Hz in a low vibration frequency range under the in-plane excitation. 

The practicability of harvesting energy from multiple directions with considerably 

wide working bandwidth enable the 3D-TENG have tremendous applications of building 

up self-powered systems by harvesting ambient vibration energy. To prove the capability 

of the 3D-TENG as a sustainable power source, three sets of practical applications were 

demonstrated. First, as shown in Figure 2.6a, the 3D-TENG works on a national grid 

transmission line which can effectively harvest wind or rain droplet induced line vibration 

energy. Forty serial-connected commercial LEDs were lighted up due to the line oscillating. 

Figure 2.6b plots the output voltages of the 3D-TENG under different line swing 

amplitudes. It can be seen that the voltages present an obvious increasing tendency with 

the increased swing amplitudes. This is because larger swing amplitude of the line will 

contribute to a larger out-of-plane separation of the two contact surface in the 3D-TENG, 

leading to higher output voltage.  
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Figure 2.6 Demonstration of the 3D-TENG (marked in red circles) as a sustainable power 

source and self-powered active sensors. (a) The photograph of line vibration energy 

harvesting. Forty commercial LED bulbs were lighted up simultaneously. (b) The output 

voltage of the 3D-TENG under different line swing amplitudes. (c) The photograph of 

human walking energy harvesting. Forty commercial LED bulbs were lighted up 

simultaneously. (d) The output voltages at different walking speeds. (e) The photograph of 

3D-TENG mounted on a still bicycle wheel. (f) Thirty commercial LED bulbs were lighted 

up simultaneously under the rotation of the bicycle wheel.45 

 

Secondly, shown in Figure 2.6c, the 3D-TENG is mounted on a human trail leg to 

harvest the vibration energy from human walking. This human motion induced vibration 

can be used as an external excitation to the 3D-TENG and 40 serial-connected commercial 

LEDs were lighted up. Figure 2.6d plots the output voltages under different walk speeds, 

which indicates that a faster speed leads to a larger voltage output. A third practical 

application is shown in Figure 2.6e. The 3D-TENG was anchored on a bicycle wheel to 

harvest the rotation energy. And 30 serial-connected commercial LEDs were lighted up 

during the wheel rotating (Figure 2.6f). This demonstration proves that the 3D-TENG not 

only can harvest wheel rotation energy but also can be developed as self-powered sensing 
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system to monitor the tire-pressure of automobiles, airplanes and other wheel-based 

vehicles. 

In a word, the 3D-TENG can effectively harvest ambient vibration energy in out-

of-plane direction with extremely wide working bandwidth up to 75 Hz and in arbitrary in-

plane directions with prepotent bandwidth of 14.4 Hz in low vibration frequency range. 

This superior capacity enable the 3D-TENG have tremendous practical applications, 

harvesting such as wind or rain droplet induced vibration energy from the national grid 

transmission lines, natural vibration energy from human walking, and rotation energy from 

the wheel-based vehicles. In addition, a large range of self-powered sensing systems can 

be also developed owing to the 3D-TENGôs high sensitivity to the external vibrations. This 

TENG design will find applications in powering portable electronics, environmental/ 

infrastructure monitoring, security and more. 

 

2.1.3 A triple -cantilever based TENG 

Still, we demonstrate a rationally designed triple-cantilever based TENG for 

ambient vibration energy harvesting.46 The basic structure of the triple-cantilever based 

TENG is shown in Figure 2.7a, in which, three metal plates of beryllium copper alloys foils 

are the three cantilevers. The bottom surface of the top cantilever and the top surface of the 

bottom cantilever are coated with Polydimethylsioxanes (PDMS) films.47 The surfaces of 

the middle cantilever are covered by ZnO nanowire arrays grown by chemical approach,48 

on the top of which a layer of Cu was evaporated. A mass is also attached at its end for 

effectiveness of vibration. Photos of a real device are shown in Figure 2.7b and d. This 

device has three unique characteristics. Firstly, the middle cantilever has two chances to 
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contact the top and bottom cantilevers in each cycle of the vibration, doubling the vibration 

energy conversion efficiency. Secondly, the PDMS film can be easily deformed to increase 

the effective contact area of TENG.25  

 

Figure 2.7 (a) Sketch and (b), (d) photographs of a typical triple-cantilever based TENG, 

with a size equivalent to a quarter. (c) SEM image of Cu film coated ZnO nanowire arrays. 

(e) Fabrication process of the TENG.46 

 

Lastly, the nanowire-arrays based surface modification plays an important role for 

the output power enhancement (Figure 2.7c). The nanowire arrays can deeply insert into 

the PDMS to increase the effective contact area and thus a substantially higher electric 

output. As sketched in Figure 2.7e, the fabrication process is simple and straightforward, 

without involving any complicated equipment or procedures.  

The triple-cantilever based TENG was tested by measuring its open-circuit voltages 

(VOC) and rectified short-circuit current (ISC) in a range of frequencies from 2.5 Hz to 5.0 
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Hz with the same amplitude. From Figure 2.8a and b, it is safe to conclude that the triple-

cantilever based TENG is suitable to harvest the low-frequency vibration energy such as 

ocean waves, motor vibration, highway, bridge and tunnel vibration when vehicles passing 

by. In addition, we also investigated the reliance of the electric output power on the external 

load under the vibration frequency of 3.7 Hz. As indicated in Figure 2.8c, increasing the 

resistance of the external load, the maximum current and voltage decreased and increased, 

respectively. Correspondingly, the instantaneous output power density (Pd = UI/Seff ) as a 

function of the external resistance is shown in Fig. 4d. The peak power density of 252.3 

mW/m2 can be achieved at a load resistance of 0.25 Mɋ.  

 

Figure 2.8 The triple-cantilever based TENG as a direct power source to power electronic 

devices. (a) Open-circuit voltage (VOC) and (b) Rectified short-circuit current (ISC) of 

vibration frequency from 2.5 Hz to 5.0 Hz, showing that 3.7 Hz is the resonant frequency 

of the TENG. (c, d) When the TENG a load with rectification, the dependence of (c) the 

output voltage, current, and (d) instantaneous power density on the resistance of the load. 

TENG simultaneously lights up 40 LEDs in real time. (e) Photographs of LEDs when there 

is no vibration and (f) lit up LEDs by a vibration at a frequency of 3.7 Hz.46 
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Indeed, non-ideal experimental factors, such as humidity and particle 

contaminations in the air, may potentially have negative impact on the electric performance 

and thus the longevity of the triple-cantilever based TENG. As a result, the device 

packaging is critical when the TENG is applied outdoor and even in circumstances with 

harsh environment, which would greatly extend the life time of the device up to even 

several years. The performance of the triple-cantilever based TENG is affected by three 

factors. First, by growing ZnO nanowire arrays on the surface of the middle cantilever, the 

output is dramatically enhanced. The peak value of the TENG without nanowires is only 

about 42.6 % of the TENG with the nanowires. Secondly, the usage of beryllium copper 

alloys foils with high elasticity as the vibration energy conversion medium is also very 

critical to harvest vibration energy in ambient environment. Lastly, the resonance state of 

the device maximizes the amplitude of vibration and thus enhances output power.The 

triple-cantilever based TENG aims at powering electronic devices by harvesting small-

scale vibration energy. A total of 40 commercial LED bulbs were assembled in series on a 

piece of electric board (Figure 2.8e), connected to the triple-cantilever based TENG. As 

triggered by the shaker under a vibration frequency of 3.7 Hz, the TENG directly and 

simultaneously lights up all these forty LED bulbs (Figure 2.8f). The triple-cantilever based 

triboelectric nanogenerator provides a new approach for harvesting low-frequency 

vibration energy, opening its applications for self-powdered electronics and systems. 

 

2.1.4 Three-Dimensional Stack Integrated TENG 

The applications of a single-layer triboelectric nanogenerator for vibration energy 

harvesting may be challenged by its lower output current, and a possible solution is to use 
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three-dimensional (3D) stack integrated multilayered TENGs, but the most important point 

is to synchronize the outputs of all the TENGs so that the instantaneous output power can 

be maximized.49 With this regard, we take a further step to develop a multi-layered stacked 

TENG as a cost-effective, simple and robust approach for harvesting ambient vibration 

energy. The 3D-TENG has a multilayered structure with acrylic as supporting substrates, 

as schematically shown in Figure 2.9a. Acrylic was selected as the structural material due 

to its decent strength, light weight, good machinability and low cost. A photograph of an 

as-fabricated TENG is shown in Figure 2.9b, in which, the total number of the unit cells 

can be expressed as: 

4totalN n=                                                                                                                       (2.3) 

where n is the number of pinned fingers of a TENG. Eight identical springs were employed 

to bridge the moveable and pinned fingers.  

 

Figure 2.9 Three-dimensional stack triboelectric nanogenerator. (a) Schematic of a 3D-

TENG. (b) SEM image of nanopores on aluminum electrode. (c) A photograph of the 

fabricated 3D-TENG.49 
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All fingers were made from acrylic sheets with a thickness of 3 mm and parallel to 

each other with identical but tuneable gap distance. The thickness of acrylic sheets is large 

enough to prevent the mutual charges influences among the unit cells. Moreover, all the 

unit cells are electrically connected in parallel. Aluminium thin films were deposited onto 

both sides of the pinned fingers, which played dual roles of a contact electrode and a contact 

surface. A layer of polytetrafluoroethylene (PTFE) film was adhered to the both sides of 

the movable fingers with deposited copper as another electrode. PTFE nanowires arrays 

were created on the exposed PTFE surface by a top-down method through reactive ion 

etching. SEM image of the PTFE nanowires is displayed in Figure 2.9c. Additionally, to 

promote the triboelectrification and to increase the effective contact area between the two 

contacting surfaces, PTFE nanowires are created as surface modifications, which greatly 

increases the triboelectric charges and thus the overall electrical output.  

Theoretically, the short-circuit current of the 3D-TENG can be expressed as: 
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where d0 is the thickness of PTFE, Ůr is the relative permittivity of PTFE, s is the effective 

contact area and v is the relative velocity at which they will contact, whose motion direction 

determines the flowing direction of the induced charge, and thus the direction of the short 

circuit current. n is the number of pinned fingers, DS is the effective contact area and Dd  

is the gap distance between the two adjacent fingers. 

To evaluate the TENGôs performance for harvesting vibration energy, an 

electrodynamic shaker (Labworks Inc.) that provides sinusoidal wave was employed as an 

external vibration source with tunable frequency and amplitude. As shown in Figure 2.10a, 
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the voltage output is almost constant for 3D-TENG with n = 1 ~ 5, which is attributed to 

the electrically parallel connection among all the units. However, the current output is a 

monotonically increasing function of n throughout our experimental time window. And the 

current enhancement factor Ŭ is a function of n, Ŭ = bn, the measured result b is very close 

to the ideal coefficient of 2. Such a high coefficient b is mainly owing to the operating 

synchronicity of all units, which convincingly demonstrates the effectiveness of our 

approach for current output enhancement. Likewise, a monotonically increasing 

relationship was observed between the current output and the effective contact area DS as 

well as parameter Dd, as shown in Figure 2.10b and c.  

 

Figure 2.10 A systematical study of the reliance of current electric output on the design 

parameters. (a) Dependence of electric output on the number of pinned fingers n. (b) 

Dependence of the short-circuit current on the gap distance between two adjacent pinned 

fingers for the TENG with n = 2. (c) Dependence of short-circuit current on effective 

contact area (DS) of the TENG with n = 5. (d) The device natural frequency as a function 

of the number of pinned fingers n.49 
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A larger Dd will contribute to a larger relative velocity of the two contact plates, 

and thus renders us a higher output current, according to equation (2.4). In addition, as a 

vibration energy harvester, we also investigate the reliance of the natural frequency on the 

number of pinned fingers n for the 3D stack TENG. As indicated in Figure 2.10d, the 

resonance frequencies fr decrease as increasing n, which is well consistent with a typical 

vibration system that a larger mass will lead to a smaller system natural frequency.28-30 

 

Figure 2.11 Demonstration of the 3D stack TENG as a direct power source. (A) 

Dependence of the voltage and current output on the external load resistance for the TENG 

with n = 5. (B) Dependence of the peak power output on the resistance of the external load 

for the TENG with n = 5, indicating maximum power output at R = 2 Mɋ. The curve is a 

fitted result. (C) Photograph of a white G16 globe light that is directly powered by the 

TENG (Input frequency 40 Hz). Inset is a photograph when a white G16 globe light is off.  

(D) Photograph of 20 spot lights (0.6 W ea.) connected in series that are lighted up 

simultaneously and continuously without observable stroboflash by the TENG (Input 

frequency 40 Hz). Inset is a photograph when the spot lights are off.49 

 

Resistors were utilized as external loads to further investigate the output power of 

the 3D-TENG at its resonance frequency. As displayed in Figure 2.11a, the current 

amplitude drops with increasing load resistance owing to the Ohmic loss, while the voltage 
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follows a reverse trend. Consequently, the instantanenous peak power (P = I2
peakR) is 

maximized at a load resistance of 2 Mɋ, coresponding to a peak power density (Pd = 

I2
peakR/DS) of 104.6 W·m -2 (Figure 2.11b).  

To prove the capability of the 3D-TENG as a sustainable power source, three sets 

of practical applications were demonstrated. First, as shown in Figure 2.11c, the TENG 

was excited by an electrodynamic shaker at a vibration frequency of 40 Hz, lighting up a 

white G16 globe light. Inset is a photograph when a white G16 globe light is off.  

Meanwhile, a total of 20 spot lights (0.6 W ea.) connected in series were lighted up 

simultaneously and continuously without observable flashing. Inset is a photograph when 

the spot lights are off.  (Figure 2.11d). 

 

Figure 2.12 Demonstration of the 3D-TENG as it is equipped inside a ball, which has great 

potential of scavenging the kinetic energy when people play basketball, football, baseball 

and so on. Large amount of these self-powered balls can be also woven into webs for ocean 

wave energy harvesting, which can be potentially applied for large-scale energy generation. 

A sketch (a) and a photograph (b) of a self-powered ball. (c) When shaking the ball, about 

32 commercial LEDs are lighted up simultaneously. (d) A photograph of 8 LEDs on a face 

of the device that are directly powered by the TENG in complete darkness (We equipped 

four faces of the devices with 8 LEDs on each face).49  
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In addition, with specific dimensional design, we integrated a 3D stack TENG into 

a ball with a diameter of 3 inches, as schematically shown in Figure 2.12a and a photograph 

of the as-fabricated devices in Figure 2.12b. In order to directly demonstrate the equipped 

ball as an energy harvester, we installed four faces of the inside TENG with 8 LEDs as 

indicators on each face. As shown in Figure 2.12c, the generated power by hand shaking 

simultaneously lighted up 32 commercial LEDs. And Figure 2.12d demonstrates that 8 

LEDs on one of the four faces were lighted up in complete darkness. This practical 

application greatly demonstrated the capability of our 3D stack TENG for harvesting 

kinetic energy when people play various kinds of ball sports. It is worth noting that, large 

amount of these self-powered balls can also be woven into webs for ocean wave energy 

harvesting, which can be potentially applied for large-scale energy generation. 

 

2.1.5   Integrated rhombic gridding based TENG 

To enhance the output current for the vibration energy harvesting, here, we also 

demonstrated another rationally designed TENG with integrated rhombic gridding, which 

can greatly improve the total current output owing to the structurally multiplied unit cells 

connected in parallel.50 The structure of integrated rhombic gridding based TENG is shown 

in Figure 2.13a, in which, the total number of unit cells in one TENG can be expressed as: 

ὔ ςὲ                                                             (2 .5) 

where n is the number of unit cells along the edge length. The plastic sheets of polyethylene 

terephthalate (PET) with a thickness of 600 µm are utilized. Each PET sheet is cut half 

through and then lock into each other to form the framework of TENG. On one side of the 

PET substrate, aluminium thin film with nanoporous modification plays dual roles as a 
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contact electrode and a contact surface. A scanning electron microscopy (SEM) image of 

aluminium nanopores is shown in Figure 2.13b. A layer of PTFE film with nanowires 

arrays was adhered onto the other side of the PET substrate with deposited copper thin film 

as the back electrode. An SEM image of PTFE nanowires arrays is presented in Figure 

2.13c. As demonstrated in Figure 2.13 d, e, f, there are 2, 8, and 18 unit cells in the TENGs 

(sketch and corresponding photograph of real devices) with n = 1, 2, and 3, respectively.  

 

Figure 2.13  Integrated rhombic gridding based triboelectric nanogenerator. (a) Sketch of 

a typical TENG with n = 3. (b) SEM image of nanopores on aluminum electrode. (c) SEM 

image of PTFE nanowires. (d-f) Sketch and corresponding photograph of integrated 

rhombic gridding based TENG with n = 1, 2, 3, respectively.50 

 

In order to enhance the total current output of the TENG, all of the unit cells are 

electrically connected in parallel. Under the fixed triggering frequencies and amplitude, the 

electric output measurement was performed on the integrated rhombic gridding based 

TENG with n = 1, 2, 3 (Figure 2.14). The effective contact area of TENG is 2n2 × 4.6 cm 

× 4.6 cm, which produces an open-circuit voltages (VOC) 445 V at n = 1 (Figure 2.14a), 
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439 V at n = 2 (Figure 2.14b) and 428 V at n = 3 (Figure 2.14c). The voltage output is 

almost constant for all the measurements, which is because that all of the rhombic unit cells 

are electrically connected in parallel. As shown in the inset of Figure 2.14c, a positive 

voltage peak is generated due to the immediate charge separation at the departure of 

aluminum from PTFE. Since the electrons cannot flow back to screen the induced electric 

potential difference between the two electrodes under the open-circuit condition, the 

voltage holds at a plateau until the next contact emerges.51-53  

 

Figure 2.14 Electrical measurement of the integrated rhombic gridding based TENG. 

Open-circuit voltage (VOC) (a, b, c) and short-circuit current (ISC) (d, e, f) of the TENG with 

n = 1, 2 and 3, respectively. Insets of (c) and (f) are enlarged view of VOC and ISC in one 

cycle for the TENG with n = 3, respectively.50 

 

Meanwhile, the peak values of the short-circuit current (ISC) reach up to 245 ɛA at 

n = 1 (Figure 2.14d), 801 ɛA at n = 2 (Figure 2.14e) and 1.395 mA at n = 3 (Figure 2.14f).  

In addition, as shown in the inset of Figure 2.14f, the output current has an alternating 

behavior with asymmetrical amplitudes, with the larger peaks correspond to the process in 

which the two contact surfaces move towards each other, while the smaller ones are 
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generated as the two surfaces move apart, which is attributed to a faster approaching is 

expected to produce larger current peaks than the slower separation. 

 

Figure 2.15. Electrical measurement of the integrated rhombic gridding based TENG. (a) 

The currentôs enhancement factor ‌ is increasing as a function of number of unit cells along 

the edge length n. (b) Accumulative inductive charges generated by the TENG with n = 1, 

2 and 3, respectively. (c) Dependence of the voltage and current output on the external load 

resistance for the TENG with n = 3. The lines are the fitted results. (d) Dependence of the 

peak power output on the resistance of the external load for the TENG with n = 1, 2, and 

3, indicating maximum power output obtained at R = 2 Mɋ. The curve is fitted result.  Inset: 

an enlarged view of peak power output with n = 1.50 

 

As indicated in Figure 2.15a, the current enhancement factor ‌ is a function of the 

number of unit cells along the edge length, ‌ ὦn2. The fitting result renders the 

coefficient ὦ a value of 1.66. Considering the non-ideal experimental factors, such as 

humidity, particle contaminations in the air, the imperfection from the device fabrication 

process, and the difficulty of working synchronization of all the device units, which may 

potentially have negative impact on the actual output, the experimental result of 
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enhancement factor is considerably approaching to the ideal value of 2n2, revealing that 

the integrated rhombic gridding structure can effectively enhance the total current output. 

As illustrated in Figure 2.15b, the accumulative induced charges increases with n,  

which reaches up to 142.68 µC within 2.75 s when n = 3, further indicating that the 

integrated rhombic gridding structure can dramatically enhance the electric output of 

TENG.  It is noteworthy that the accumulative induced charges are the sum of all the back-

and-forth induced charges in the entire process of the TENG working as a ñcharge pumpò. 

Consequently, it is a monotonically increasing function of time throughout our 

experimental time window. 

Resistors were utilized as external loads to further investigate the output power of 

the integrated rhombic gridding based TENG with n = 3. As displayed in Figure 2.15c, the 

current amplitude drops with increasing load resistance owing to the ohmic loss, while the 

voltage follows a reverse trend. As demonstrated in Figure 2.15d, all of the instantaneous 

peak power (I2
peakR) for n = 1, 2, and 3 are maximized at a load resistance of 2 Mɋ. 

Moreover, the peak power dramatically increases with the increase of n, which reaches up 

to 1.17 W at n = 3, corresponding to the peak power density and volumetric energy density 

of 30.7 W/m2 and 1.54 × 104 W/m3, respectively.  

The integrated rhombic gridding based TENG demonstrated here has three unique 

characteristics. First, by using the novel integrated rhombic gridding structure, the total 

number N of unit cells, which are electrically connected in parallel, theoretically follows a 

rule of N = 2n2. This is the key factor of dramatically enhancing the total electric output. 

Secondly, to promote the triboelectrification and to increase the effective contact area 

between the two contact surfaces, aluminum nanopores and PTFE nanowires are 
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simultaneously created as surface modifications. The rational design, coupled with 

nanomaterial modification, greatly increases the effective contact area and thus the 

triboelectric charges. Lastly, the structural coupling of nanopores and nanowires can also 

enhance the triboelectrification process for TENGs.  

 

Figure 2.16 Sketch (a) and photograph (b) of a self-powered backpack which is developed 

based on the integrated rhombic gridding based TENG. (c) Photograph of the backpack on 

the shoulder with human standing still. (d) Photograph of the backpack under normal 

human walking. Forty Commercial LED bulbs were lighted up simultaneously.50 

 

To prove the capability of the integrated rhombic gridding based TENG as a 

sustainable power source, a backpack was developed to harvest vibration energy from 

natural human walking. As indicated in Figure 2.16a, four acrylics plastics plates were  

built into a supporting shelf with a size of  5 cm × 7.5 cm × 20 cm ,which bridged the 

backpack and its two straps using four springs and two long screw shanks. The integrated 

rhombic gridding based TENG with n = 1 is sandwiched between two acrylic sheets and 

the photograph of a real backpack is shown in Figure 2.16b. A total of forty commercial 
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LED bulbs were assembled in series on a piece of electric board (Figure 2.16c), electrically 

connected to the newly designed backpack. When a people walks naturally carrying the 

designed backpack with a total weight of 2.0 kilograms, the power harvested from the body 

vibration is high enough to simultaneously light up all the 40 LEDs (Figure 2.16d). 

As an important figure of merit, we still investigated the vibration-to-electric 

energy conversion efficiency of the self-powered backpack. The conversion efficiency 

–  is defined as the ratio of the electric energy delivered to the vibration energy of the 

backpack triggered by human walking. And the electric energy delivered by the TENG can 

be expressed as, 

Ὁ ὗ ᷿ ὍϽὙϽὨὸὙϽ᷿ ὍϽὨὸ
Ȣ

Ȣ
σȢρψ άὐ                                     (2.6) 

where Q is the Joule heating energy, I is the instantaneous current, and R is the load 

resistance, which is 2 Mɋ in the experimental measurement. In the course of backpack 

vibration, its gravitational potential energy (EG) is mainly converted into two parts, the 

elastic potential energy (Eelastic) and electric energy. The gravitational potential energy and 

elastic energy can be estimated as following, 

Ὁ άὫЎὼ ςȢπ ὯὫ ωȢψ ὔ ὯὫϳ πȢπρυ ά ςωτ άὐ                                          (2.7) 

Ὁ ϽὯϽЎὼϽὔ ςφτȢπω άὐ                                                                          (2.8) 

where m is the total weight of the backpack, ȹx is the displacement of each spring, k is the 

spring stiffness factor (k = 586.86 N/m), and N is the number of springs (N = 4). Since the 

elastic energy stored in the springs has no loss during the backpack vibration, thus the direct 

energy conversion efficiency can be calculated as, 

– ρππϷρπȢφϷ                                                                         (2.9) 

Such high energy conversion efficiency of the TENG enables tremendous potential 
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applications for powering some small electronics by harvesting the vibration energy from 

human motions. 

In summary, we demonstrated a novel integrated rhombic gridding based TENG. 

This innovative structure provides 2n2 unit cells electrically connected in parallel, which is 

able to greatly enhance the current output as well as the vibration-to-electric energy 

conversion efficiency. Based on the TENG, a self-powered backpack was developed with 

a considerably high vibration-to-electric energy conversion efficiency of 10.6%. When a 

people walks naturally carrying the designed backpack with a total weight of 2.0 kilograms, 

the power harvested from the body vibration is high enough to simultaneously light up all 

the 40 LEDs. Our newly designed TENG provides an innovative approach to effectively 

enhance the device current output and thus it is capable of harvesting vibration energy from 

natural human walking, which can have a range of applications for extending the lifetime 

of a battery as well as the possibility of replace battery for building self-powered systems. 

 

2.2 TENG for rotary  energy harvesting 

Searching for renewable energy sources as well as to develop renewable energy 

technologies are urgent for the sustainable development of human civilization. Rotation, 

as a type of common mechanical motion, is ubiquitous in daily life, from operating 

household appliances, such as washing machines and electric fan, to automobile tires 

running on a road. Over the past decades, it has also become an attractive target for energy 

harvesting as a potentially alternative power source for battery-operated electronics.54-58 
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2.2.1 Radial-arrayed in-plane TENG 

Here, we firstly provide a solution by designing a two-dimensional planar-

structured triboelectric generator (TENG) on the basis of contact electrification, which is 

capable of producing energy from rotary surfaces with unprecedented performance. 

Enabled by a design of two radial-arrayed fine electrodes that are complementary on the 

same plane, the planar-structured TENG generates periodically changing triboelectric 

potential that induces alternating currents between electrodes.59 A TENG has a multi-

layered structure, which consists of mainly two parts, i.e., a rotator and a stator, as sketched 

in Figure 2.17a.  

 

Figure 2.17 Structural design of the triboelectric generator. (a) Schematic illustrations of 

the triboelectric generator, which has two parts, i.e., a rotator and a stator. The zoomed-in 

illustrations at the inner end (b) and the outer end (c) reveal that the two electrodes have 

complementary patterns, which are separated by fine trenches in between. It is noted that 

these drawings do not scale. (d) Photograph of a rotator (scale bar: 1 cm). (e) Photograph 

of a stator, in which the through-holes along edges are for mounting purpose (scale bar: 2 

cm).59 
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The rotator is a collection of radially-arrayed sectors separated by equal-degreed 

intervals in between. With each sector unit having a central angle of 3°, the rotator has a 

total of 60 units. For the stator, it is divided into three components. A layer of fluorinated 

ethylene propylene (FEP) as an electrification material, a layer of electrodes, and an 

underlying substrate are laminated along the vertical direction. The electrode layer is 

composed of two complementary-patterned electrode networks that are disconnected by 

fine trenches in between (Figure 2.17b and 2.17c). Having the same pattern as that of the 

rotator, each network is formed by a radial array of sectors that are mutually connected at 

one end. The electrode layer is fully imbedded and stationary. This rational design not only 

leads to structural simplicity but also accounts for excellent robustness, making the TENG 

practically reliable and durable. As exhibited in Figure 2.17d and e, both the rotator and 

the stator have two-dimensional planar structures, respectively, resulting in a small volume 

of the TENG.  

The operation of the TENG relies on relative rotation between the rotator and the 

stator, in which a unique coupling between triboelectrification and electrostatic induction 

gives rise to alternating flows of electrons between electrodes. The electricity-generating 

process is elaborated through a basic unit in Figure 2.18. We define the initial state (Figure 

2.18a) and the final state (Figure 2.18c) as the states when the rotator is aligned with 

electrode A and electrode B, respectively. The intermediate state (Figure 2.18b) represents 

the transitional process in which the rotator spins from the initial position to the final 

position. Since the rotator and the stator are in direct contact, triboelectrification creates 

charge transfer on contacting surfaces, with negative charges generated on the FEP and 

positive ones on the metal, as illustrated in the cross-sectional view defined by an arbitrary 
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intersection in Figure 2.18. Due to the law of charge conservation, the density of positive 

charges on the rotator is twice as much as that of negative ones on the stator because of 

unequal contact surface area of the two objects. 

 

Figure 2.18. Schematics of operating principle of the triboelectric generator. (a) Initial 

state in which the rotator is in alignment with electrode A. The three sections from top to 

bottom illustrate the three-dimensional schematic, charge distribution in open-circuit 

condition, and charge distribution in short-circuit condition, respectively. (b)Intermediate 

state in which the rotator is spinning away from the initial position at an angle of ‌. (c) 

Final state in which the rotator is in alignment with electrode B. The rotator has rotated ‌ 

away from the initial position.59  

 

In open-circuit condition, electrons cannot transfer between electrodes. The open-

circuit voltage is then defined as the electric potential difference between the two 

electrodes, i.e. Voc =  UA -UB. The initial state corresponds to the maximum potential on 

electrode A and the minimum potential on electrode B, which results in the maximum Voc. 

Such a voltage then diminishes as the rotator starts to spin. Once the rotator passes the 

middle position, Voc with the opposite polarity starts to build up until the rotator reaches 

the final state. Further rotation beyond the final state induces the Voc to change in a reversed 

way because of the periodic structure. Based on the assumption that the thickness of the 
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dielectric layer is far smaller than the width dimension in Figure 2.18, an analytical model 

can be established, in which any overlapped region between the rotator and the electrodes 

can be treated as a parallel-plate capacitor without consideration of edge effect.60 Then the 

Voc can be analytically expressed by the following equations using Gauss Theorem. 

Initial state: ╥ἷἫ
▀ϽⱭ

ⱠⱠἺ
                                                                                           (2.10)                                                                                                             

Intermediate state: ╥ἷἫ♪
▀ϽⱭ

ⱠⱠἺ
Ͻ
♪ ♪

♪

♪

♪ ♪
  (♪ approaches neither 0 nor ♪ ) (2.11)                 

Final state: ╥ἷἫ♪
▀ϽⱭ

ⱠⱠἺ
                                                                                       (2.12)                 

where ▀ is the thickness of the FEP layer, Ɑ is the triboelectric charge density on top of the 

FEP layer, Ⱡ is the dielectric constant of vaccum, ⱠἺ is the relative dielectric constant of 

FEP, ♪ is the angle at which the rotator rotates away from the initial state, and ♪  is the 

central angle of a single rotator unit.  

The equation (2.11) can only be used to illustrate the changing trend of the Voc. The 

theoretical peak-to-peak value of the Voc needs to be calculated by subtracting equation 

(2.12) from equation (2.10):  

╥Ἰ Ἰ
▀ϽⱭ

ⱠⱠἺ
                                                                                                                  (2.13) 

By substituting the known parameters into equation (2.13) (▀ = 25 µm, Ɑ = ~200 

µCm-2, ⱠἺ = 2.1), 33  the Voc (peak-to-peak) is theoretically estimated to be ~1000 V. 

If the two electrodes are connected as shown by the bottom row in Figure 2.18, free 

charges can redistribute between electrodes due to electrostatic induction. At the initial 

state, induced charges accumulate on electrode A and electrode B with charge density of -

Ɑ and Ɑ, respectively. As the rotation starts, free electrons keep flowing from electrode A 

to electrode B until the rotator reaches the final state where the charge density on both 
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electrodes is reversed in polarity compared to the initial state. As a result, the amount of 

charges in this transport process can be expressed by the following equation 

╠
♪
ϽⱭϽⱫ► ►                                                                                               (2.14)                                                                                     

where ► and ► are the outer radius and inner radius of the TENG, respectively. Again, 

further rotation beyond the final state results in a current in the opposite direction. 

Therefore, alternating current is generated as a result of the periodically changing electric 

field, which has a frequency calculated as 

█
○

♪
                                                                                                                        (2.15)                                                                                                     

where ○ is the roation rate (r/sec).  

 

Figure 2.19 Results of electric measurements. (a) Open-circuit voltage (Voc) at a rotation 

rate of 500 rmin-1. (b) Short-circuit current (Isc) at a rotation rate of 500 rmin-1. (c) Output 

charge at a rotation rate of 500 rmin-1. (d) Load matching test at a rotation rate of 500 rmin-

1. Maximum average output power is obtained at the matched load of 4.9 MÝ.59   
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To control the rotation rate for quantitative measurement, a programmable rotary 

motor was connected to the rotator that was in co-axial alignment with the stator. At a 

rotating rate of 500 rmin-1, short-circuit current (Isc) has a continuous AC output at an 

average amplitude of 0.5 mA (Figure 2.19a). The constant frequency of 500 Hz is 

consistent with the result calculated from equation (2.15).  For open-circuit voltage (Voc), 

it oscillates at the same frequency as that of Isc with a peak-to-peak value of 870 V (Figure 

2.19b), which corresponds well to the theoretical value obtained from equation (2.13) 

though the slight deviation is likely attributed to the fact that the actual contact area is less 

than the apparent device area because of surface roughness. In short-circuit condition, the 

amount of electrons in a single electron-transport process reaches 0.32 µC (Figure 2.19c), 

which corresponds to an effective DC current (Idc=ȹQ/ȹt) of 0.32 mA. It is noticed that the 

duration of a current peak is determined by the ratio between the central angle of a sector 

and the rotation rate (Figure 2.19A). Once an external load is applied, the amplitude of the 

output current drops as the load resistance increases, as shown in Figure 2.19D. The 

average output power is equivalent to the Joule heating of the load resistor, which can be 

calculated as Ieffective
2·R, where Ieffective is the effective current defined as the root mean 

square value of the current amplitude, and R is the load resistance. At the matched load of 

4.9 MÝ, the average output power reaches 0.23 W at a rotation rate of 500 rmin-1 (Figure 

2.19d).  

Rotation rate is a major factor that determines electric output of the TENG. A linear 

relationship can be derived from Figure 2.20a between the amplitude of Isc and the rotation 

rate since higher rate linearly shortens the duration of a current peak and thus boosts the 

current amplitude. In comparison, the amplitude of Voc remains stable regardless of the 
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rotation rate (Figure 2.20a) because it is only dependent on the position of the rotator, as 

indicated in equation (2.11). It is found that the matched load is also a variable value, 

exhibiting a reversely proportional relationship with the rotation rate, as diagramed in 

Figure 2.20b. Consequently, linearly rising output power can be obtained at higher rotation 

rate (Figure 2.20b).  

 

Figure 2.20 Factors that influence the electric output of the triboelectric generator. (a) 

Amplitude of Isc and peak-to-peak value of Voc with increasing rotation rate. (b) Matched 

load resistance and average output power with increasing rotation rate. (c) Amplitude of Isc 

and peak-to-peak value of Voc with increasing outer radius of the triboelectric generator 

(500 rmin-1). (d) Matched load resistance and average output power with increasing outer 

radius of the triboelectric generator (500 rmin-1). (e) Amplitude of Isc and peak-to-peak 

value of Voc with increasing central angle of a unit sector (500 rmin-1). (f) Matched load 

resistance and average output power with increasing central angle of a unit sector (500 

rmin-1).59 
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Given the linear behavior of the TENG, it delivers an optimum average output 

power of ~1.5 W at the matched load of ~0.8 MÝ when operating at a rotation rate of 3000 

rmin-1, which corresponds to an average output power density of 19 mWcm-2.  For the first 

time, the output power from triboelectrification-based generators boosts to a level where it 

is sufficiently powerful to drive daily used electronics, immediately resolving the most 

critical concern for the concept of power generation via triboelectrification. 

Design parameters, especially the size and the unit central angle, can largely 

influence the output power of TENG. Figure 2.20c shows an approximately quadratic 

dependence of the Isc and independence of the Voc on the radius of the TENG, which are 

consistent with the results in equations (2.13) and (2.14), respectively. With the matched 

load decreasing with the radius, the average output power exhibits a roughly quadratic 

relationship with the radius (Figure 2.20d). In other words, the output power linearly scales 

with the area of the TENG since the triboelectrification is a surface charging effect that is 

area-dependent. Compared to the device size, the unit central angle reversely affects the 

output power. As revealed in Figure 2.20e, the Isc linearly drops as the central angle 

increases, while the Voc still remains stable. Again, the measured results fit well with the 

theoretical model. Consequently, the average output power decreases in almost a linear 

way if devices with larger central angle are used. Therefore, fine feature size of the unit 

sector plays a key role in achieving high output power.  

To demonstrate the capability of the TENG as a power source, it was directly 

connected to regular light bulbs without using a storage or power regulation unit. The 

rotation rate was set at 1000 rmin-1. A total of 20 spot lights were simultaneously lighted 

up (Figure 2.21a), providing sufficient illumination even for reading printed text in 
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complete darkness (Figure 2.21b). Moreover, other types of light bulbs that could be driven 

by the TENG included a white globe light (Figure 2.21c) and 10 multi-color decoration 

candelabra lights (Figure 2.21d). It is noticed that the TENG has high voltage but relatively 

low current, resulting in large output impedance and thus affecting its applicability as a 

power source.  

 

Figure 2.21 Demonstrations of the triboelectric generator as a practical power source. (a) 

Photograph of 20 spot lights that are directly powered by the triboelectric generator in 

complete darkness (rotation rate: 1000 rmin-1; scale bar: 5 cm). Inset: demonstration setup 

(scale bar: 5 cm). (b) Photograph of printed text on a paper illuminated by the 20 spot lights 

in complete darkness with the triboelectric generator as a direct power source (rotation rate: 

1000 rmin-1; scale bar: 3 cm). The font size is 12 points. (c) Photograph of a G16 globe 

light that is directly powered by the triboelectric generator in complete darkness (rotation 

rate: 1000 rmin-1; scale bar: 3 cm). (d) Photograph of 10 multi-color decoration candelabra 

lights that are directly powered by the triboelectric generator in complete darkness (rotation 

rate: 1000 rmin-1; scale bar: 3 cm).59  

 

Besides, fluctuation in output power and the AC output current are also concerns 

in practical applications. These issues can be fully addressed by integrating the TENG with 
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a power management circuit to form a complete power-supplying system. Consisting of a 

transformer, a rectifier, a voltage regulator, and capacitors, the power management circuit 

as diagramed in Figure 2.22a can deliver a DC output at a constant voltage of 5 V in less 

than 0.5 sec after the TENG starts to operate (Figure 2.22b). The transformer shown in 

Figure 2.22a is able to tremendously boost the output current at the expense of the output 

voltage, which substantially reduces the output impedance of the TENG. 

 

Figure 2.22 Demonstrations of the integrated power-supplying system for driving and 

charging electronics. (a) Circuit diagram of the complete power-supplying system that 

consists of a triboelectric generator and a power management circuit. (b) Output voltage of 

the system reaches a constant value of 5 V in less than 0.5 sec as the triboelectric generator 

starts to rotate at 3000 rmin-1. (c) Photograph of 10 LEDs (0.75 mW ea.) in parallel that are 

powered to full brightness by the power-supplying system with ambient background 

lighting (rotation rate: 3000 rmin-1; scale bar: 3 cm). The dashed blue box indicates the 

power management circuit. Inset: Photograph of the lighted LEDs in complete darkness. 

(d) Photograph of an alarm triggered by a wireless emitter that relies on the power-

supplying system (scale bar: 3 cm). Inset: Photograph of the ñpanicò button that triggers 

the alarm. (e) Photograph of a multi-function digital clock driven by the power-supplying 

system (scale bar: 3 cm). (f) Photograph of a cellphone that is being charged by the power-

supplying system (scale bar: 3 cm).  As soon as the output voltage of the system reaches 5 

V, the cellphone turns on automatically.59 
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The power-supplying system is suited to a variety of purposes. On one hand, it 

could provide a continuous uniform DC power to drive various commercial electronics. As 

demonstrated in Figure 2.22c, 10 LED bulbs (0.75 mW ea.) connected parallel were 

continuously powered with full brightness. Moreover, once the output voltage reaches 5 V, 

the power-supplying system could sustain wireless transitions for 5 times (Figure 2.22d) 

as well as continuous operation of a multi-function digital clock for 60 seconds (Figure 

2.22e). On the other hand, the system is also able to serve as a charging source for batteries. 

Since 5 V is the standard charging voltage for most of the commercial portable electronics, 

a cellphone automatically turned on once the voltage output shot to 5 V due to the operation 

of the TENG, as visualized in Figure 2.22f. 

In addition to being driven by an electric motor for quantitative measurement, the 

TENG was further tested in normal environment where a series of ambient mechanical 

energy was harvested. Firstly, energy harvesting from light air flow (wind) was 

demonstrated (Figure 2.23 a). Artificial breeze was generated at a speed of 6 m·s-1 by an 

air mover. The wind perpendicularly blew on a miniaturized three-vane wind turbine (inset 

in Figure 2.23a). Driven by the turbine through a transmission shaft, the rotator of the 

TENG spun smoothly, directly providing a power source for lighting up an array of spot 

lights. Such a wind speed falls into class 4 defined by Beaufort scale and is much lower 

than the wind speed for normal operation of a large wind farm (~10 ms-1), indicating the 

effectiveness of the TENG in addressing mild agitation from air flow. Secondly, water flow 

was successfully demonstrated as a target mechanical source (Figure 2.23b). The TENG 

was connected to the central shaft of a miniaturized water turbine (bottom inset in Figure 

2.23b). Normal tap water at a flow rate of 5.5 Lmin-1 was directed into the turbine inlet 
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through a plastic pipe (top inset in Figure 2.23b), which served as a sufficient driving force 

for the TENG. Consequently, output power for the spot lights was continuously produced. 

Last but not least, the TENG could also effectively operate if the input mechanical energy 

originated from gentle body movement. As illustrated in Figure 2.23c, the compact-sized 

TENG in a hand had pieces of inertia mass fixed on the rotator. As the hand swung back 

and forth in small amplitude, asymmetric inertia resulting from the extra mass induced 

relative rotation between the hand-held stator and the free-standing rotator. The spot lights 

again served as an explicit indicator of the produced output power from the TENG.  

 

Figure 2.23 Demonstrations of the triboelectric generator for harvesting ambient energy. 

(a) Harvesting energy from light wind at a flow speed of 6 ms-1 by the triboelectric 

generator for powering an array of spot lights (scale bar: 3 cm). Inset: a wind turbine that 

transmits torque to the triboelectric generator (scale bar: 5 cm). (b) Harvesting energy from 

water flow at a flow rate of 5.5 Lmin-1 by the triboelectric generator for powering an array 

of spot lights (scale bar: 5 cm). Insets: tap water is directed into a water turbine through a 

water pipe (top; scale bar: 2 cm); upward view of the water turbine (bottom; scale bar: 7 

cm). (c) Harvesting energy from body motion by the triboelectric generator that is being 

gentle swung with a hand for powering an array of spot lights (scale bar: 5 cm). Inset: the 

hand-held triboelectric generator with two pieces of inertia mass attached to the rotator 

(scale bar: 5 cm). (d) Output voltage of the power-supplying system when the triboelectric 

generator is driven by the above three types of ambient mechanical energy.59 
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Furthermore, with input mechanical energy fed from the above ambient motions, 

the power management circuit was still functional and showed a linearly increasing output 

voltage as it was being charged up by the TENG (Figure 2.23d). Therefore, these 

demonstrations firmly prove that the TENG can fully operate in normal environment by 

utilizing ambient mechanical energy from a variety of sources, indicating its widespread 

applications in harvesting human motions and even natural energy.  

The efficiency of the TENG is defined as the ratio of the input mechanical power 

from the motor to the electric power that is delivered to the load. When driving the TENG 

at a rotation rate of 3000 rmin-1, the motor exhibits a load factor of approximately 20 %, 

corresponding to an actual torque of 0.02 Nm delivered to the TENG. Then we can derive 

the power input from the motor to be 6.28 W by using the above values. Given the electric 

output power of 1.5 W at the same rotation rate, the efficiency is calculated to be ~24%.  

The reliability of the TENG, especially the resistance against mechanical wear, is important 

in evaluating its performance. Here, adhesive wear that occurs when two nominally flat 

solid bodies are in sliding contact applies to the TENG. Therefore, the adhesion of the 

deposited metal on the rotator largely determines the wear resistance. Special treatment 

was taken in fabricating the TENG, including adding an adhesion layer and surface plasma 

treatment before metal deposition.61 As a result, the TENG shows excellent stability and 

durability. After continuously producing more than 10 million cycles of alternating current, 

the output current does not even exhibit any measurable decay or degradation, which firmly 

proves the reliability of the TENG as a feasible approach for practical applications. 

Compared to other existing technologies for power generation, the TENG is distinct 

in basic mechanism from fundamental point of view. The usual electric generator mostly 
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relies on electromagnetic induction, an effect from the coupling between bulk magnetic 

materials and conductors. In comparison, our generator depends on triboelectrification, a 

universally applicable charging effect that is confined only at contact surfaces. Such a 

distinction in fundamental mechanism differentiates our generator from the traditional 

generator in a number of major aspects. In general, the TENG is a complementary approach 

in parallel to the traditional electric generator. Its uniqueness as well as real advantages is 

elaborated below. 

From structure point of view, the usual generator has a bulky structure since the 

output power heavily depends on such factors as the number of coil turns, the diameter of 

metal coils, the coil geometry, and the size as well as weight of magnets. The shrinkage in 

size results in substantial deterioration in output power due to insufficient electromagnetic 

coupling and other parasitic effects. Therefore, the usual generator normally has relatively 

large size and weight for producing a decent output power. For example, our test on a 

commercial mini-sized generator of 8.2 cm3 in volume and 29 g in weight showed an 

optimum output power of 0.13 W when rotating at 1800 rmin-1. In comparison, our 

generator relies on triboelectrification, a surface charging effect. The simple stator-rotator 

structure has a two-dimensional planar configuration. In addition to using hard sheets as 

substrates, we can further extend the substrate materials to plastic thin-film materials that 

are flexible such as polyimide by using photolithography and laser patterning techniques 

(Figure 2.24). Having the same radius and radial periodicity as the device in Figure 2.17, 

the thin-film TENG gave the same level of output shown in Figure 2.18. It is only 75 µm 

in total thickness, 0.6 cm3 in volume, and 1.1 g in weight, similar to the weight of a few 

goose feathers.  
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Figure 2.24. A thin-film based triboelectric generator fabricated on flexible polyamide 

substrate. (a) and (b) are stator and rotator (The scale bars are 2cm), respectively.59  

 

From performance point of view, the TENG has substantially higher power density 

than the traditional generator in terms of both power-to-volume ratio and power-to-weight 

ratio due to much smaller volume and weight. The high power density imparts two major 

advantages to practical applications of the TENG. Firstly, it is superior to the conventional 

generator as a small-sized power source for self-powered electronics, e.g. harvesting 

human motions for powering or charging portable/wearable gadgets. In these applications, 

size and weight management become critical issues. Secondly, the significant power 

density makes the TENG potentially advantageous in large-scale power generation for 

stationary power plants, although the feasibility needs to be solidly validated with further 

investigations.  

From cost point of view, the TENG based on surface charging effect only needs 

very small amount of materials. They are conventional thin-film insulating materials and 

metals of various kinds that are abundantly available. Besides, it has a simple structure and 

straightforward fabrication process. As a consequence, the TENG is extremely cost-
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effective, which is an unparalleled advantage compared to any other power generation 

techniques. The significant low cost of the TENG is a key advantage for its potential 

widespread applications. 

Last but not least, the unique 2D-planar generator owns distinctive applicability in 

a variety of circumstances. The usual generator has difficulty being made into a planar 

structure due to reasons such as poor properties of planar magnets, limited number of turns 

achievable with planar coils, and restricted amplitude of displacement. In comparison, the 

TENG offers a straightforward and even sole solution to addressing rotation sliding 

between two surfaces. For example, it can be possibly integrated into a brake system in 

automotive and other applications where a brake rotor and brake pads have relative contact 

rotation. Moreover, due to the simple rotator-stator structure, our generator provides a 

much easier and more convenient way to address common rotating motions. For example, 

with very little modification, the TENG can take advantage of rotating shafts that are 

commonly found in transmission systems, as clearly demonstrated in Figure 2.23. Besides, 

enabled by broad choices of materials, the TENG with particular properties can meet 

special needs. For instance, it can be fabricated from organic biocompatible materials for 

health care and other bio-related applications. Finally, it is the unique solution when 

installation space is constrained. Therefore, our generator enables unique applications in 

many circumstances where the usual generator cannot be implemented, although both of 

them utilize rotation for power generation.  

In summary, we developed a new type of planar-structured electricity-generation 

method (TENG) that to convert rotary mechanical energy using triboelectrification effect, 

a universal phenomenon upon contact between two materials. Based on the stator-rotator 
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structure that has arrays of micro-sized radial sectors, the TENG produced significantly 

high output power for sufficiently powering as well as charging conventional consumer 

electronics. It could effectively harvest a variety of ambient energy from motions such as 

air flow, water flow, and even body motion. Furthermore, the combination of the TENG 

and a power management circuit demonstrated the immediate practicability of using TENG 

for everyday power needs. Given its exceptional power density, extremely low cost, and 

unique applicability, the TENG presented in this work is a practical approach in converting 

mechanical motions for self-powered electronics as well as possibly for producing 

electricity on a large scale. 

 

2.2.2 Automatic mode transition enabled robust TENG 

Although the TENG has been proven to be a renewable and effective route for 

ambient energy harvesting, its robustness remains a great challenge owning to the 

requirement of surface friction for a decent output, especially for the in-plane sliding mode 

TENG.32, 33, 59, 62-65 Here, we present a rationally designed TENG for achieving a high 

output performance without compromising the device robustness through firstly converting 

the in-plane sliding electrification into contact-separation working mode, and secondly an 

automatic transition between a contact working state and a non-contact working state.66 

The magnets assisted automatic-transition triboelectric nanogenerator (AT-TENG) was 

developed to effectively harness various ambient rotational motions to generate electricity 

with greatly improved device robustness. 

The device structure of the AT-TENG is schematically illustrated in Figure 2.25a, 

which mainly consists of two parts, a functional unit and a rotator. The functional unit has 
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a multilayer structure with acrylic as supporting substrates. Acrylic was selected as the 

structural material owing to its decent strength, light weight, good machinability and low 

cost.  

 

Figure 2.25 Structural design of the AT-TENG with one segment. (a) Schematic illustration 

of the triboelectric nanogenerator. (b) SEM image of the nanopores on aluminum electrode. 

The scale bar is 150 nm. (c) SEM image of the PTFE nanowires. The scale bar is 500 nm.66  

 

The two triboelectric layers are laminated with a full contact at their initial states. 

One end of them is secured by a piece of rubber while the other end stays open. On the 

upper triboelectric layer, aluminum thin film with nanoporous surface plays dual roles of 

an electrode and a contact surface. Scanning electron microscopy (SEM) image of the 

nanopores on the aluminum is presented in Figure 2.25b.  On the lower triboelectric layer, 

polytetrafluoroethylene (PTFE) film with deposited copper as back electrode was acting as 

another contact surface, and it was anchored onto the substrates. A top-down method 

through reactive ion etching was employed to create PTFE nanowires arrays on the PTFE 

surface.41 An SEM image of the PTFE nanowires is displayed in Figure 2.25c. Here, a pair 

of magnets was respectively adhered onto the top triboelectric layer and the rotator plane 
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with a same pole facing each other. It is worth noting that, the functional unit of AT-TENG 

for electricity generation was fully enclosed, and its operation relies on the external rotator 

with a magnet. This novel structure design renders it capable of performing adequately in 

harsh environmental conditions.  

The fundamental working principle of the AT-TENG is based on a two-way 

coupling of contact electrification and electrostatic induction.67-72 As presented in Figure 

2.26, both two-dimensional potential distribution by COMSOL (up) and schematic 

illustrations of charge distribution (down) were employed to elucidate the working 

principle of the AT-TENG, in which two working states were respectively depicted: 

contact working state (Figure 2.26a-c) and non-contact free-standing working state (Figure 

2.26d-f).  

Regarding the contact working state, the aluminum is initially aligned and in full 

contact with PTFE (Figure 2.26a). According to the triboelectric series, PTFE is much 

more triboelectrically negative than aluminum, electrons are injected from aluminum into 

PTFE, generating positive triboelectric charges on the aluminum and negative ones on the 

PTFE. When the external rotation brings the paired magnets to meet, the repulsion force 

will push the two triboelectric layers apart. The thus induced electric potential difference 

drives the electrons to flow from copper to aluminum (Figure 2.26b), screening the 

triboelectric charges and leaving behind the inductive charges. The flowing of electrons 

will be continued until the maximum separation distance was reached, and all the electrons 

are transferred from cooper to aluminum (Figure 2.26c). The increased separation distance 

between the layers leads the weakened magnetic repulsive force, thus, the restoring force 

of the elastic and the gravity of the top triboelectric layer will pull it downwards and back 
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to contact with the lower triboelectric layer. This is a full cycle of the operation for the AT-

TENG in the contact working state.  

 

Figure 2.26 Schematics of the operating principle of the AT-TENG. Both two-dimensional 

potential distribution by COMSOL (up) and schematic illustrations of charge distribution 

(down) were employed to elucidate the working principle of the TENG. And two states 

were respectively elucidated: (a-c) Contact-Separation working state and (d-f) Non-contact 

free-standing working state.  (a) Initial state in which the PTFE is negatively charged after 

contact with aluminum. (b) Magnetic repulsion force separates the PTFE and aluminum. 

Electric potential difference drives the electrons from copper to aluminum, screening the 

triboelectric charges and leaving behind the inductive charges. (c) With continuously 

increasing the separation, all the positive triboelectric charges gradually and almost entirely 

screened. When the magnetic repulsion force disappears, the top aluminum plate will be 

dragged back to contact again with the PTFE. While at a high rotation speed, another cycle 

of magnetic repulsion force will appear before the aluminum plate fully contact back with 

the PTFE. Under such a circumstance, the AT-TENG works in a Free-Standing state and 

the top aluminum will vibrate in a small range of separation distances with a high frequency. 

(d) At the minimum separation distance. (e) A transition state move upwards to the 

maximum separation state. (f) The top aluminum is raised up to the maximum separation 

distance.66 
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With further increasing the rotation speed, the AT-TENG can transit to a non-

contact free-standing working mode. At a higher rotation rate, the magnetic repulsive force 

has a shorter exertion time, which produces a much smaller momentum to the upper 

triboelectric layer. Therefore, the upper triboelectric layer will be pulled downwards 

slightly with considering the joining effect of centrifugal force and gravitation. In the 

meanwhile, with considering the fast rotation speed, the upper triboelectric layer will soon 

be magnetically repulsive again before it falls back to contact with the bottom triboelectric 

layer. As a consequence, the upper triboelectric layer will vibrate around its equilibrium 

position at the frequency of the rotation, which will change the capacitance of the structure, 

resulting in an alternating current across the electrodes. As shown in Figure 2.26d, when 

the upper triboelectric layer falls to the lowest point at the minimum separation distance at 

a certain rotation rate, the electrons flowing from aluminum to copper will not fully screen 

the triboelectric charges in the copper electrode. When the repulsive force pushes the upper 

triboelectric layer to move upwards, the electrons will keep flowing from the copper to the 

aluminum (Figure 2.26e), until it reaches at the highest point, corresponding to a maximum 

separation distance between the two (Figure 2.26f).  

To systematically investigate the performance of the AT-TENG as a new 

methodology in harvesting ambient mechanical energy, AT-TENGs with one segment and 

two segments were studied respectively. Figure 2.27a and 2.27b respectively show the 

dependence of the open-circuit voltage and short-circuit current on the rotation rate of the 

one-segment TENG. At a rotation rate lower than 240 rpm, the one-segment AT-TENG is 

in a contact-separation working state, and the open-circuit voltage is up to 530 V. The 

short-circuit current follows the same trend and constant around 0.26 mA.  
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Figure 2.27 Electrical output characterization of the AT-TENGs. For a systematic 

investigation, two type of AT-TENGs: one-segment and two-segment were respectively 

studied. Dependence of the (a) open-circuit voltage and (b) short-circuit current on the 

rotation rate of the one-segment AT-TENG. Dependence of the (c) open-circuit voltage 

and (d) short-circuit current on the rotation rate of the two-segment AT-TENG. 

Dependence of the average charges transfer rate on the rotation rate for the (e) one segment 

AT-TENG and (f) two-segment AT-TENG.66 

 

At this typical contact-separation working stage, the open-circuit voltage can be 

estimated as: 

ὠ      (2.16) 
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where ‐ is the vacuum permittivity and ů is the triboelectric charge density, d is the 

maximum separation of two triboelectric layers in  a AT-TENG, which is designable and 

confined by the height of the device external packaging. Given a fabricated AT-TENG, d 

could be a fixed value, which determines the device output. At lower rotation rate, the AT-

TENG works at the contact-separation mode and the upper triboelectric layer can obtain a 

larger momentum to move upwards. Thus, the separation distance between the two 

triboelectric layers is confined and equates to d at lower rotation rate, which explained a 

constant electric output at this stage.  

With further increasing the rotation rate beyond the critical point, the AT-TENG 

will be automatically converted from the contact working state into a non-contact free-

standing working state. For each AT-TENG, the critical rotational speed is designable and 

can be estimated as  

‫
Ў Ў

           (2.17) 

where F is the magnetical repulsion force, M is the total weight of the upper triboelectric 

layer, g is the gravitational acceleration, Ў— is field angle of the magnet on the rotator plane, 

which was determined by the magnet dimension. Based on the above analytical mode, it is 

safe to conclude that the critical rotational speed is highly correlated to a variety of 

parameters, including the weight of the upper substrate, the dimension and magnetism of 

the paired magnets, the height d of external package and so on.  

As shown in Figure 2.27a and b, experimentally, the critical rotation rate of the as-

fabricated AT-TENG with one-segment is measured to be 240 rpm. Beyond it, the AT-

TENG operates in a non-contact working state in a wide range up to 1800 rpm. In this stage, 



63 

 

both the voltage and current amplitudes show a decreasing function of the rotation rate .‫ 

Here, theoretically, the open circuit voltage of the AT-TENG can be calculated as  

ὠ
Ў Ў

   (2.18) 

According to equation (2.18), in the non-contact working state, the output voltage 

is also related to various parameters, such as the weight of the upper substrate, the 

dimension and magnetism of the paired magnets and so on. Particularly, it is also reversely 

proportional to the square of rotation rate, which is well consistent with the experimental 

observation.  

For a systematical study of the presented methodology, the dependence of the open-

circuit voltage and short-circuit current of the two-segment AT-TENG on the rotation rate 

were also investigated. As shown in Figure 2.27c and d, respectively, below the threshold 

rotation rate of 300 rpm, the two-segment AT-TENG was in a contact-separation working 

state. In this stage, similar to the one-segment case, the voltage and current are respectively 

constant at 246 V and 0.12 mA. With further increasing the rotation rate beyond 300 rpm, 

the AT-TENG with two-segment is working in a non-contact free-standing mode, and the 

peak amplitudes of the electrical output were decreasing with increase of the rotation rate, 

which shares a same trend of that with the one-segment AT-TENG. This is mainly 

attributed to the reduced separation distance between the two triboelectric layers of the AT-

TENGs at higher rotation rates.  

Here, it is worth noting that, for both one-segment and two-segment AT-TENGs, 

the reduced electric output amplitudes do not mean a reduction of the capability of the 

device for energy harvesting at higher rotation rates. Firstly, the peak density of the device 

electric output is dramatically increased with the increasing of the rotation rates. This leads 
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to an increasing amount of the transferred triboelectric charges across the electrodes. The 

dependence of the average charge transfer rate (IAC) on the rotation rate for the two types 

AT-TENGs are respectively presented in Figure 2.27e and f. Here, IAC is defined as the 

total transferred charges across the electrodes per unit operation time. As shown, at higher 

rotation rates beyond critical point, the devices are working at a non-contact state, they 

maintained a higher charge transfer rate than that in the contact working state. As a 

consequence, the capability of the AT-TENG for energy harvesting is actually enhanced at 

higher rotation rates. Furthermore, the dependence of the accumulative transferred charges 

(CAT) on the rotation rate for the two types of AT-TENG were also measured and 

respectively plotted in Figure 2.28a and b. Likewise, much higher CAT values were 

maintained for the AT-TENG in the non-contact working state, and especially at the 

rotation rates around the critical point or in the short range above it.  

Resistors were utilized as external load to further investigate the output power of 

the AT-TENG around the critical rotation rate. As displayed in Figure 2.28c, the 

instantaneous peak power is maximized at a load resistance of 1 Mɋ, corresponding to a 

peak power density of 1 W/m2. The superior robustness is also an advantageous feature of 

the reported AT-TENG. As shown in Figure 2.28e, there is no observable output 

degradation after 300,000 cyclesô continuous operations when the AT-TENG is in the non-

contact free-standing working state, and a minor fluctuation of less than 6% was observed 

for the contact-separation working mode. However, an obvious degradation up to 26% of 

the electric output for the in-plane sliding mode was observed. As a consequence, on one 

hand, by converting the in-plane sliding electrification into the contact-separation mode, 

the device robustness of the AT-TENG was greatly improved. On the other hand, as long 
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as the AT-TENG works at the critical point or in the short-rang above critical point with 

an occasional transition into contact state for charge replenishment, the AT-TENGs could 

pave itself a way of keeping both high electric output and superior device robustness.   

 

Figure 2.28 Accumulative transferred charges and the delivered power of the AT-TENGs. 

Dependence of the accumulative transferred charges across the electrodes on the rotation 

rate for the (a) one segment AT-TENG and (b) two-segment AT-TENG. (c) Dependence 

of the peak power output on the external load resistances for the one-segment TENG at a 

rotation rate around 240 rpm, indicating maximum power output at R =1MW. (d) Working 

state depended device robustness investigation.66 

 

To prove it as a robust and sustainable energy technology, the AT-TENG was 

demonstrated to efficiently harness various ambient mechanical motions for long-time 

continuous operations. Here, the first step was taken to develop the AT-TENG into a wind 

energy harvester by equipping it with a wind cup.  
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Figure 2.29 Demonstration of the AT-TENG for harvesting energy from ambient wind and 

water flow.  (a) Photograph of the as-developed AT-TENG-based wind energy harvester. 

(b) A device in the ambient environment. (c) Harvesting energy from light wind at a flow 

speed of 6.5 m/s by the AT-TENG and an array of 24 spot lights were lighted up 

simultaneously. (d) Harvesting energy from the water flow at a flow rate of 5.5 L/min. (e) 

Photograph of the upward view of the water turbine. (f) An array of 24 spot lights were 

lighted up simultaneously. (g) Charging a commercial capacitor when the AT-TENG is 

driven by the above light wind and water flow. All the scale bars are 2 cm.66 

 

Figure 2.29a is a photograph of the as-fabricated device, and Figure 2.29b shows 

the device in the ambient environment. Drove by the light wind at a flow speed of 6.5 m/s, 

the harvested energy by the AT-TENG is capable of simultaneously lighting up an array of 

24 spot lights (0.6 W each) connected in series(Figure 2.29c). Furthermore, the AT-TENG 

was also demonstrated to harvest energy from the environmental water flow.  Figure 2.29d 

and e are respectively the photographs showing the setup for water flow energy harvesting 

and the upward view of the water turbine employed. At a flow rate of 5.5 L/min via a water 

pipe, the harvested power can also be utilized to simultaneously light up an array of 24 spot 
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lights connected in series (Figure 2.29f).  In the meanwhile, as shown in Figure 2.29g, the 

harvested energy from the wind and water flow by the AT-TENG was also capable of 

charging a capacitor up to more than 120 V in 60 seconds.  

 

Figure 2.30 Demonstration of the AT-TENG for recycling mechanical energy from 

bicycling and moving car and acting as a self-powered active speedometer.  (a) Photograph 

of the AT-TENG for harvesting energy from bicycling. The scale bar is 5 cm.  (b) Up is an 

enlarged view of the installation of the AT-TENG onto a commercial bike. Down is a 

photograph showing that 24 spot lights are lighted up simultaneously when bicycling 

naturally. The scale bars are 2 cm. (c) Harvesting energy from a moving car at normal 

speed and about 104 LEDs were lighted up simultaneously. The scale bar is 10 cm. (d) A 

photograph showing the AT-TENG acting as a self-powered active sensor for both real-

time moving speed detection and travelled distance measurement.66   

 

The AT-TENG was also further demonstrated to recycle mechanical energy from 

bicycling and moving car. As shown in Figure 2.30a, an AT-TENG was equipped onto a 

commercial bicycle. An enlarged view of the installation is presented in Figure 2.30b. The 

harvested power is also capable of lighting up 24 spot lights simultaneously when a human 

rides a bike naturally. And still, the AT-TENG can also harvest energy from a moving car. 
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As shown in Figure 2.30c, about 104 LEDs were lighted up simultaneously when a car is 

running at normal speed.  

In addition, owing to the unique output characteristic, the AT-TENG was also 

demonstrated to be a self-powered speedometer with ultra-high measurement accuracy, 

which can measure not only the wheel moving speed, but also the travelled distance in a 

real-time manner. Read the acquired electric signals from an N-segment AT-TENG, the 

rotational speed in rpm at this moment can be expressed as  

Ὑ  φπὔϽЎὸϳ     (2.19) 

where Ўὸ is the time lag in second between two adjacent peaks in the acquired electric 

signals. And the travelled distance till this moment can be calculated by: 

ὒ  ᷿ “ὈϽὙὨὸ   (2.20) 

where Ὑ and L are respectively the real-time rotation rate in rpm and travelled distance, N 

is the segment number of the AT-TENG, D is the tire diameter of the moving object. It is 

worth noting that, the self-powered speed or distance measurement does not require a 

uniform motion of the wheel. It can move at arbitrary time-varying velocity, which renders 

it a very practical application.  Figure 2.30d shows a real-time speedometer realized by 

Labview programming. Holding a novel but simple structural design, the ultra-robustness 

of the AT-TENG promises itself to have extensive applications in wheel-based transport 

systems for either energy harvesting or self-powered sensing purpose.  
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2.2.3 Rolling friction enhanced free-standing TENG 

In the meanwhile, to avoid the material abrasion and the consequently generated 

heat for TENG, a free standing working mode of the TENG is also developed recently.36 

The created free-standing gap between the two triboelectric layers largely assures the 

superior robustness of the device as well as unprecedentedly high energy conversion 

efficiency. However, an awkward dilemma emerges due to a low output performance as 

well as unavoidable elastic charge dissipation, which also obstructed the TENG towards 

practical applications.73  

Herein, we present an ultra-robust, high-performance route for rotational kinetic 

energy harvesting by fabricating a rolling friction enhanced free-standing mode 

triboelectric nanogenerator (RF-TENG).74 Creatively utilizing the rolling friction from a 

metal rod, the awkward predicament of elastic charge dissipation in the free standing model 

TENG is well resolved with no compromising of the device robustness.  

The device structure of the RF-TENG is schematically illustrated in Figure 2.31a, 

which consists of three parts, a rotator, a stator and an aluminum rod. The zoom-in 

illustration (middle left) demonstrates the functionality of the aluminum rod for charge 

replenishment via rolling friction with the rotator. An axial gap in between the rotator and 

stator, namely, the free-standing gap, is tunable. In the stator, a layer of copper electrodes, 

which are complementarily patterned and disconnected by fine trenches in between, were 

deposited onto the kapton film. While, in the rotator, a layer of paralleled identical copper 

stripes with equal space was uniformly deposited onto the FEP thin film. Photographs of 

the as-fabricated rotator and stator with a grating number of 30 were respectively 

demonstrated in Figures 2.31b and c. 
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Figure 2.31 Structural design of the rolling friction enhanced free-standing triboelectric 

nanogenerator (RF-TENG), which consists of three parts, a rotator, a stator and an 

aluminum rod. (a) A schematic illustration of a RF-TENG. The zoom-in illustration 

(middle left) demonstrates the functionality of the aluminum rod for charge replenishment 

via rolling friction. (b) A photograph of the rollable stator. The scale bar is 1cm. (c) A 

photograph of the rotator, which is made of evenly-spaced metal gratings on a FEP thin 

film. The scale bar is 1cm. (d) A SEM image of the FEP polymer nanowires. The scale bar 

is 500 nm.74 

 

In order to enhance the surface charge density of contact electrification, inductively 

coupled plasma (ICP) etching treatment was performed to create polymer nanowires array 

on the FEP surface. A scanning electron microscope (SEM) of the FEP nanowires is shown 

in Figure 2.31d, which indicates an average clustering diameter of FEP nanowires of 80 

nm with an average length of 250 nm. To operate, the thin film of the rotator was aligned 

onto a layer of sponge foam before being supported by an Acrylic rod with a diameter of 
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2.54 cm. The soft sponge foam here was acting as a buffer layer to assure an intimate 

contact between the aluminum rod and FEP film.    

 

Figure 2.32 Schematics of the operating principle of the RF-TENG. Both two-dimensional 

schematic illustrations of the charge distribution (up) and potential distribution by 

COMSOL (down) were employed to elucidate the working principle of the RF-TENG in a 

half cycle. (a) The initial state. (b) The intermediate state. (c) The final state.74 

 

The electricity generation of RF-TENG originates from a coupling effect of contact 

electrification and electrostatic induction,75-77 as depicted in Figure 2.32. Here, both two-

dimensional schematic illustrations of charge distribution (up) and potential distribution by 

COMSOL (down) were used for explanation. We define the initial state and the final state 

as the states when the FEP gratings of the rotator aligned with electrode 1 and electrode 2, 

respectively. While an intermediate state is the state when the rotator spins from the initial 

position to the final position. To begin with, when the rotator starts to spin, a rolling friction 

happens between the aluminum rod and FEP surface. And thus an equal amount of negative 

and positive charges will be respectively generated on the FEP parts and the metal parts 

due to a difference of the electron affinity between aluminum and FEP. The rolling friction 
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here can effectively avoid the sliding friction between the rod and FEP surface, which can 

not only assure the durability of the materials, but also provide an enduring charge density 

on the FEP surface, contributing to a time-lasting and constant output power. 

In the meanwhile, the rotation of the stator will also lead to an intimate contact 

between the aluminum rod and the copper gratings, which ends up a redistribution of the 

positive charges on both the aluminum rod and the copper electrodes of the rotator, 

according to the principle of equipotential body. Subsequently, owning to electrostatic 

induction, the negatively charged FEP will induce the equal amount of positive charges in 

the electrode 1, while the positively charged copper will induce the equal amount of 

negative charges in the electrode 2 in the stator, as illustrated in Figure 2.32a. A continuous 

rotation will bring to the intermediate state, where the positive charge on electrode 1 will 

transfer to electrode 2 through the external circuit (Figure 2.32b) till it reaches the final 

state (Figure 2.32c). Further rotation beyond the final state induces both the open circuit 

voltage and short-circuit current to change in a reversed way because of the periodic 

structure.  

To systematically investigate the performance of the RF-TENG in harvesting 

rotational kinetic energy, two key design parameters, the grating numbers and the free 

standing gap, are both experimentally and theoretically studied. To measure, the RF-TENG 

was anchored on a platform with one end was fixed by a bearing, and other end was 

connected to a programmable rotary motor. The center of the bearing and the rotary motor 

was tuned by a raising platform as well as a 3D-stage to guarantee a coaxial operation of 

the RF-TENG for a stable electric output. The motor is programmable for a quantitative 

measurement of the electric output, which was carried out under a relatively dry humidity 
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(RH=30%). To begin with, given a fixed free standing gap of 0.5 mm, the open circuit 

voltage shows a minor degradation with increasing the grating numbers, while a quasi-

linear increasing trend was experimentally observed for the short circuit current, as 

demonstrated in Figure 2.33a. Then, a further electric output characterization was 

systematically performed when the free standing gaps were set at 1 mm, 2 mm, 3 mm and 

6 mm, and the corresponding experimental observations were respectively presented in 

Figures 2.33b, c, d and e.  

 

Figure 2.33 Electrical output characterization of the RF-TENG. Dependence of the short-

circuit current and open-circuit voltage on the number of gratings under a various free 

standing gap distance D between the rotator and stator: (a) D=0.5 mm, (b) D=1 mm, (c) 

D=2 mm, (d) D=3 mm, (e) D=6mm. (f) Dependence of the maximum output power of the 

RF-TENG on the grating numbers at a fixed axial distance D = 0.5mm.74  

 

From the evolution of the output signals regarding the increasing grating numbers 

at various gap distances, certain trends can be derived to clearly profile the reported RF-

TENG. Firstly, current amplitudes are drastically increased with elevated grating numbers 

at a gap distances lower than 2 mm. Secondly, when the gap distance was larger than 2 
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mm, maximized current outputs emerge at an optimized grating numbers. And also, the 

maximized current points were shifted towards a larger grating numbers at smaller gap 

distances. Apparently, a monotone increasing relationship was no longer exhibited between 

the current output and the grating numbers for the RF-TENG. This is mainly attributed to 

the transferred charges across the electrodes were degraded with increasing of the grating 

numbers.78 

For the in-plane sliding mode, due to the intimate contact between the two 

triboelectric layers, the generated static electric fields by the triboelectric charges are 

mutually locked. As a consequence, the transferred charges Q across electrodes will not be 

reduced with further subdivided gratings. The output current is proportional to dQùdt. With 

constant charge transfer across electrodes, a faster charge transfer will be resulted from the 

subdivide grating, which contributes to an enhanced current output. However, in the RF-

TENG, the static electric fields between triboelectric layer and electrode are no longer 

mutually locked due to the existence of a physical gap, which will lead to a reduced transfer 

charges across the electrodes. With further subdivided gratings, the increase of the output 

current due to a faster charge transfer will be undermined by the reduced amounts of the 

transferred charges. And the later will become more and more dominant on the current 

output with elevated subdivided gratings, which renders a maximized current output at an 

optimized grating number. In the meanwhile, this effect will also become more and more 

dominant at a fixed grating number with elevated gap distance, which contributes to a 

shifted peak current points towards a smaller grating numbers.78 Thirdly, at all gap distance, 

the open-circuit voltage shows a decreasing trend with increasing the grating numbers. 

Especially, at larger gap distances, the output voltage is decreased much more obviously. 
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Fourthly, both the current and voltage are apparently decreased with elevated free standing 

gap distances. These observations are mainly attributed to that a larger gap distance leads 

to a weaker electrostatic induction effect. More importantly, a more confined electrostatic 

field will exist with smaller gap distance between the charged surfaces and the electrodes. 

Additionally, the symmetrical neutralizing effect of the potential will become stronger at a 

larger gap distance.  

For a systematical study, a further step was taken to evaluate the output power of 

the RF-TENGs with elevated grating numbers. At a fixed gap distance of 0.5 mm, the 

output power density is obviously increased with grating numbers, as shown in Figure 2.33f. 

Here, each output power density is the maximized value at its optimized external load 

resistance. Furthermore, charge replenishment by a rod rolling friction is the driving force 

behind the enhanced electric output of the presented RF-TENG. To quantify the rolling 

induced performance improvement, both the open-circuit voltage and short-circuit current 

are measured with or without the rod under various rotating speeds, from 100 to 900 r/min. 

Here, the rotator of the tested RF-TENG has a diameter of 2.54 cm and a length of 10 cm. 

And the free standing gap is set to be 0.5 mm. As the experimental results presented in 

Figure 2.34a and b, both the open-circuit voltage and short-circuit current are doubled with 

the rolling friction induced charge replenishment. Absence of the rod rolling, the 

triboelectric charges on the FEP surface will decay continuously. After placing the 

aluminum rod, the output of the RF-TENG is obviously increased and keeps constant at a 

higher plateau. Not until removing of the metal rod, the electric output shows an obvious 

degradation. It is worth noting that the charge degradation rate is highly related to the 

ambient environment, such as temperature, humidity, pressure, floating particles in air and 
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so on. In the RF-TENG, the continuous charge replenishment will enable the device free 

from the environmental factors, rendering a consistent and constant electric output. This is 

also a critical advantage towards a sustainable practical power source. 

 

Figure 2.34 The rolling friction induced charge replenishment and device robustness. The 

current (a) and voltage (b) enhancement by introducing the aluminum rod rolling friction. 

(c) Mechanical robustness test of the RF-TENG. The output voltage only shows a minor 

fluctuation of less than 0.2% after 14.4 M cycles of rotations. (d) Comparison of the metal 

gratings surface morphology after the rolling friction and sliding friction up to 120000 

cycles. The scale bars are 1 cm.74 

 

The reliability is also a superior feature of the reported RF-TENG, which is 

primarily represented by its output stability and mechanical durability. On one hand, the 

output stability against the long-term continuous rotation has been investigated. To 

evaluate, a set of current output measurements were performed among three types of 

TENGs: RF-TENG, Non-contact free-standing mode TENG (NC-TENG), and Contact in-
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plane sliding mode TENG (C-TENG). The output current data of each TENG was 

normalized as shown in Figure 2.34c, the output of RF-TENG only shows a minor 

fluctuation of less than ±0.2% after 14.4 million cycles of rotations while the output of NC-

TENG decreased about 15%.  Noticeably, the output of the C-TENG dropped to 45 % only 

after 2.8 million cyclesô rotation.  

On the other hand, to investigate, the mechanical durability is also evaluated by 

comparing the surface material abrasion after 0.12 million cyclesô rotation. As exhibited in 

Figure 2.34d, the metal electrodes of the RF-TENG stay almost intact while those of the 

in-plane sliding mode TENG were almost worn out. The ultra-robustness of the RF-TENG 

is mainly attributed to the novel device structural design. In the operation of RF-TENG, 

there is no direct physical contact between the triboelectric layer and the electrode, and the 

rolling friction for the charges replenishment will hardly cause any damage to the durable 

FEP polymer surface. Moreover, the using of a soft sponge can largely reduce the rigid 

contact between aluminum rod and FEP, and it also can avoid the relative slip between 

aluminum rod and FEP film, which could further enhance the robustness of the device.  

To demonstrate the capability of the RF-TENG as a robust and sustainable power 

source, firstly, the output power of an as-fabricated RF-TENG with a grating number of 

30, diameter of 2.54 cm, length of 10 cm was quantified at the free standing gap of 0.5 mm. 

As shown in Figure 2.35a, the short-circuit current and open-circuit voltage (peak to peak) 

can respectively reach ~15 µA and ~ 320V. Resistors were utilized as external loads to 

further investigate the output power of the RF-TENG at a rotation rate of 1000 r/min. As 

displayed in Figure 2.35b, the current amplitude drops with increasing load resistances 

owing to the ohmic loss, while the voltage follows a reverse trend. As a result, the 
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instantanenous peak power is maximized at a load resistance of 20 Mɋ, coresponding to a 

peak power density of 250 mW/m2. This long-term continuous output power is capable of 

simultaneously powering 16 spot lights connected in parallel (Figure 2.35c), charging a 

200 µF commercial capacitor to 120 V in 170 s as well as lighting up a G16 globe light 

(Figure 2.35d). 

 

Figure 2.35 Demonstrations of the RF-TENG as a practical power source. (a) Electric 

output characterization of a RF-TENG with a grating number of 30 and gap distance D = 

0.5 mm. (b) Dependence of the output current and peak power of the RF-TENG on the 

resistance of the external load, indicating the maximum power output is obtained at 20 MW. 

The results were obtained under a fixed rotating speed of 900 r/min. (c) Photograph of 16 

spot lights that are directly powered by the RF-TENG in complete darkness under a rotating 

rate of 1500 r/min. The scale bar is 1 cm. (d) Demonstration of the RF-TENG charging a 

200 µF commercial capacitor and simultaneously lighted up a G16 globe light. The scale 

bar is 2 cm.74 
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2.3 TENG for acoustic energy harvesting 

As a clean, ubiquitous and sustainable energy source, acoustic waves, such as 

various sound noises from any living activities, airports, construction sites and traffic, are 

one of the wasted energies that are abundant in our daily life. Sound energy is usually taken 

as unwanted noise that is polluting our living environment. Acoustic energy harvesting was 

not as popular as other types of energy harvesting, such as solar energy and thermal electric 

energy, possibly because not only sound waves having much lower power density but also 

the lacking of effective technology for harvesting such energy.  

Harvesting acoustic energy has been demonstrated using approaches based on 

piezoelectric effect79 and electrostatic effect,80 but their performances are limited by low 

energy conversion efficiency, low power density, structure complexity and requirement of 

high-quality materials.80  Furthermore, most of the presented devices generally work at 

high frequencies from a few kHz to MHz,79, 80  while sound sources available in everyday 

life contain predominantly low frequency components, making the presented mechanisms 

unsuitable in most circumstances.81  Therefore, harvesting sound wave energy remains a 

challenge.  

 

2.3.1 Organic thin film based TENG 

To scavenge ambient acoustic energy as a sustainable power source, we firstly 

reported the first organic thin-film based triboelectric nanogenerator.82 Relying on a 

Helmholtz cavity with a size-tunable narrow neck on its back, the core of the nanogenerator 

is in a circular shape and embedded as the flexible front plate of the cavity, as schematically 

shown in Figure 2.36a. For a better illustration, a cross-sectional view of the core is shown 
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in Figure 2.36b, with a multilayered structure. Aluminum thin film with nanoporous 

surface plays dual roles as an electrode and a contact surface. A scanning electron 

microscopy (SEM) image of nanopores on the aluminum is presented in Figure 2.36c. The 

nanopores were uniformly distributed on the surface of aluminum with an average diameter 

of 57 Ñ 5 nm and a density of 210 per ɛm2. A layer of polytetrafluoroethylene (PTFE) film 

with deposited copper was employed as another electrode. An SEM image of the PTFE 

nanowires is displayed in Figure 2.36d. The average diameter of PTFE nanowires is 54 Ñ 

3 nm with an average length of 1.1 Ñ 0.4 ɛm.  

 

Figure 2.36 Structural design of the organic film nanogenerators. (a) A sketch and (b) Cross 

sectional view of the nanogenerator. (c) A SEM image of nanopores on aluminum electrode. 

(d) An SEM image of PTFE nanowires fabricated on the film surface by plasma etching, 

which largely increase the triboelectrification.82  

 

When an external sound wave is incident on the core part of the nanogenerator, the 

air within the cavity is alternately compressed and expanded in responding to the 

magnitude and frequency of the sound wave, and thus the PTFE thin film will oscillate due 

to the initiated pressure difference on its two sides, while the aluminum film stays still. 
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Mathematically, the pressure difference can be expressed as 83 

( )2cossin2 qkdpp=D   (2.21) 

where k is the wavenumber, p is the incident acoustic pressure, d is the effective distance 

between the PTFE thin film and the opening of the neck, and ɗ is the sound wave incident 

angle, which is the angle between the sound propagation direction and the normal direction 

of the PTFE surface.  

A MATLAB simulation for the deformation of the PTFE film under the acoustic 

pressure difference is shown in Figure 2.37a, where we assume that the uniformly 

distributed acoustic pressure difference is 0.1 Pa and the Young's Modulus of the cylindrical 

PTFE thin film (65 mm in diameter and 0.06 mm in thickness) is 420 MPa. The color 

represents the magnitude of the deformations of the PTFE thin film, of which a maximum 

displacement of 0.7 mm is obtained at the center. The average deformation is a 

monotonically increasing function of acoustic pressure difference throughout our 

experimental time window, as shown in Figure 2.37b. 

A cycle of electricity generation process under acoustic pressure is schematically 

depicted in Figure 2.37c, using the numerically simulated electrostatic potential 

distribution arising from triboelectric charges (using COMSOL package). At original state, 

the PTFE is in contact with aluminum thin film. Because PTFE is much more 

triboelectrically negative than aluminum, electrons are injected from aluminum into PTFE, 

generating positive triboelectric charges on the aluminum side and negative charges on the 

PTFE side (Figure 2.37c Stage I). Due to the wave character of sound propagation, a 

resulted acoustic pressure separates the PTFE thin film away from the aluminum thin film. 

As a result, the positive triboelectric charges and the negative ones no longer coincide on 
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the same plane and an inner dipole moment between the two contact surfaces is 

consequently generated, which drives free electrons to flow from the copper electrode to 

the aluminum electrode to screen the local electric field, producing positively induced 

charges on the copper electrode (Figure 2.37c Stage II).  

 

Figure 2.37 Working principle of the organic film nanogenerators. (a) Simulation result of 

PTFE thin film oscillating mode. (b) Relationship between the average deformation of the 

PTFE thin film and the acoustic pressure difference. (c) COMSOL simulation of the 

periodic potential change between the two electrodes upon acoustically induced cyclic 

deformation, showing the driving force for the back-and-forth charge flow generated by 

the nanogenerator.82 

 

The flow of electrons lasts until the PTFE thin film reaches the highest point, where 

the corresponding separation is maximized (Figure 2.37c Stage III). Subsequently, due to 

the acoustic pressure difference change, the PTFE film is pushed back towards the 

aluminum film. In response to the reduced separation and thus the weakened potential drop, 

the free electrons in aluminum electrode flow back to the copper electrode until the two 


