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Abstract 

As an emerging technology to convert ambient energy into electricity, triboelectric 

nanogenerator (TENG) has attracted extensive attentions to cope with energy and 

environmental crisis, and meet the development requirement of emerging electronics. 

However, during the process of mechanical energy harvesting and converting, the 

TENG has to suffer from frequent and long-term mechanical impacts which will 

inevitably lead to the material and device failure, generating a series of problems, such 

as the degradation of performance, the loss of life-span, and the generation of 

electronics waste. 

In this thesis, we illustrate three strategies in terms of employed polymer materials 

to resist the negative influence of mechanical impacts on device application. Firstly, 

we develop a magnetic-assisted noncontact TENG to reduce the mechanical damage 

of external force toward the device. After introducing the magnetic response polymer 

composite into the TENG, the direct contact between device and external mechanical 

stimuli in traditional TENGs can be avoided and replaced by the remotely interaction 

under magnetic field mediation, which therefore decays the device degradation and 

failure. The prapared noncontact TENG is further integrated with wind/water blades 

to enable the wind and water energy harvesting. Secondly, by employing healable 

polymers and magnetic electrodes into the TENG, we fabricate the self-healing TENG 
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possessing a capability to restore its performance once mechanical damage has 

occurred. Attributed to the mechanical healability of healable polymers and the 

conductive healability of magnetic electrodes, the healing efficiency in electric output 

of device can reach up to above 95 % after the 5th breakage-healing cycle. 

Additionally, the presented TENG shows shape-tailorability, which enables the device 

to change its shape to match with various mechanical stimuli. This maximizes the 

effective contact area of device and further improves the device’s performance. 

Thirdly, we demonstrate an environmental-friendly TENG based on hydrogel to 

reduce the pollution of electronics waste caused by mechanical broken devices. The 

hemisphere-shaped Hydrogel-TENG can generate an instantaneous peak output 

power of 2 mW driven by periodical pressure. The integrated tube-shaped 

Hydrogel-TENG can harvest mechanical energy from various human motions, 

including bending, twisting and stretching, and serve as self-powered human motion 

sensors. The utilized Polyvinyl Alcohol hydrogel shows recyclability to benefit the 

fabrication of renewable TENG. The open-circuit voltage of renewed hydrogel-TENG 

can arrive at 92% of the pristine value.  

This research integrates the TENG and functional polymers and offers feasible 

concepts and strategies benefiting the development of future mechanical energy 

harvesters and self-powered sensors with improved robustness, reliability, and 

sustainability. 
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Chapter 1   Introduction 

1.1 Background of ambient energy exploitation 

Energy and environment are two most key factors deciding the development of 

society and quality of our life. However, alongside the huge consumption of limited 

fossil energy, such as petroleum, coal, and natural gas, the consequence from the 

energy crises and global warming is gradually revealed. [1-9] Therefore, it is urgent 

and realistically significant for us to develop renewable and green power source for 

meeting the improved requirement of modern society. [10-15] 

On the other hand, during the last two decades, the portable, personal and 

wearable electronics have achieved an overwhelming development in the field of 

health care, security and infrastructure maintenance, etc. [7, 16-21] The vast 

applications and distributions of these electronics as well as the fast rise of internet 

of things (IoT) are representing the current technology trend and dramatically 

changing the traditional understanding about energy supply. [7, 21-25]  

Compared to their counterparts, a unique character of these emerging 

electronics is that the required power to drive each unit is generally small and can be 

down to the range of milli to micro-watt, while the number of units in the system can 

be huge and even achieve at billions or trillions. [7, 23, 26, 27] This puts forward 

severe challenge for traditional power supply sources, such as batteries. Due to their 
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limited lifetime, the traditional power sources employed for each unit in electronics 

have to be routinely and frequently monitored, replaced and recycled. This will be a 

huge and even impossible task for IoT system consisting of a large number of power 

units distributed in different corner, and the resulting discarded batteries will 

accelerate environmental issues. [22, 27-29] Besides, the use of traditional power 

sources is also excluded in implant electronics placed in the body, where the 

replacement of power supply sources will be rather difficult. [30] 

In this regard, developing new technology that can harvest energy from the 

working environment of the device is likely to be an ideal choice. On the one hand, 

these environmental energies have been long-termly ignored and generally possess 

the feature of the renewability. Therefore, the harvesting and utilization toward 

environmental energy could effectively reduce the dependence on traditional energy 

and relieve energy crisis and environmental change. On the other hand, by 

integrating the environmental energy harvesting technology together with the 

electronics or IoT, a self-sufficient system can be formed. This self-sufficient system 

gains the power from the environment and enables the device to operate without 

additional power supply, which overcomes the disadvantages of traditional energy 

source in powering emerging electronics as mentioned above. Therefore, the study 

about the ambient energy harvesting technology has been attracting an extensive 

attention and deserves more attempts.  
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Figure 1.1 A comparison about harvesting energy from solar, thermal, mechanical 

and biochemical energy. [31] 

1.2 Harvesting and utilization of ambient 

mechanical energy 

Currently, the most familiar environmental energies include solar, thermal, 

mechanical, and biochemical energy etc. Each energy form possesses its own 

potentials, limitations and uniqueness as summarized in Fig. 1.1. [31] For solar and 

thermal energy, they require the light and thermal gradient to finish the photovoltaic 

and thermal electricity process, respectively. [32-37] This limits their use in 

electronics because light and thermal gradient is not always available in some 

occasions. [7, 27] For biochemical energy harvesting technology, it is still located at 

the primary step of study, and more time is needed to overcome its low power output 
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and unreliability. [38-40] 

Table 1.1 Ambient mechanical energy sources that can be harvested. [7]  

 

Compared to its counterparts, harvesting ambient mechanical energy is showing 

application advantages in the field of emerging electronics due to the abundant 

availability of ambient mechanical energy and low cost in engineering. [29, 31, 41-44] 

As shown in Table 1.1, there are numerous mechanical energies distributed in every 

corner of the surrounding environment. These ambient mechanical energies include 

not only the common hydropower and wind energy but also the ignored mechanical 

energy from the body motion, acoustic waves, and vibration etc. Harvesting these 

mechanical energies from the environment therefore is considered as an attractive 

approach to achieve a sustainable energy source and self-sufficient systems, which 

deserves an increased attention.  
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Figure 1.2 A comparison about the mechanical energy harvesting technologies based 

on electromagnetic, electrostatic, piezoelectric and triboelectric effect. [31]  

At present, the mechanical energy harvesting is mainly conducted based on 

electrostatic, electro-magnetic and piezoelectric effects, as summarized and 

compared in Fig. 1.2. [31] Among them, the electrostatic generator is usually used to 

create the high voltage for further application. [45] For the piezoelectric generator, it 

is easy to scale down for using in micro-electronics and IoT system. However, the 

relative low output performance is still a challenge for its application as power 

source. [46, 47] The electromagnetic generators (EMG), a most conventional, reliable 

and efficient mechanical energy harvesting technology, has been extensively utilized 

for harvesting high-frequency and large-scale mechanical energy to generate a DC 

output with high current and low voltage. [48-51] However, its operation may be 

excluded for some mechanical energy sources. For instance, some mechanical 

energies with tiny magnitude may not be enough to drive the EMG, and some 
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mechanical energies in low-frequency range also cannot be effectively converted by 

EMG. [7] In contrast, the triboelectric nanogenerator (TENG), a novel mechanical 

energy harvesting technology, mainly targets the ambient mechanical energy source 

with broader frequency and scale range to create AC output with low current and high 

voltage. [51] Besides, the TENG also shows the advantages of simple structure, 

expected size, low-cost, diversity in working modes, and effective output in low 

frequency. [43, 52] These features enable the TENG to be an ideal candidate for not 

only powering the modern electronics by harvesting ignored ambient mechanical 

energy and finally forming the self-sufficient system, but also coping with the energy 

crisis and environmental change. TENG therefore becomes a potential complement to 

EMG in application. 

1.3 Triboelectric generator 

The triboelectric nanogenerator (TENG) is an emerging technology to convert 

the mechanical energy into the electricity. Since firstly invented in 2012, the TENG 

has achieved a rapid progress and attracted extensive attentions from both academia 

and industrial circles. [27, 44, 52] 

1.3.1 Fundamental and triboelectric materials 

The TENG operates based on the conjunction of triboelectrification and 
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electrostatic induction. Triboelectrification is an effect that a material is electrically 

charged when it rubs with a different material. [23, 27, 28] Generally, it is believed 

that the sufficient contact of two different materials during the friction process will 

form chemical bonds between them at the contact interface. To equalize the 

electrochemical potential, charges (electrons, ions or molecules) will transfer from 

one material to the other. With the separation of the two materials driven by 

mechanical force, some of the bonded atoms tend to attract extra electrons, while 

some atoms prefer to provide electrons, which produces triboelectric charges on 

friction surfaces. Depending on the electrostatic effect, the triboelectric charges 

create a potential difference and drive electrons to flow between the two electrodes 

attached on the two contact materials. This is the birth of the TENG. [7, 27, 28] 

Technically, most materials in nature can be the candidate for fabricating TENGs. 

Since the material’s ability in gaining/losing electrons (electron affinity) plays an 

important role in the generation of triboelectricity, the triboelectric series about some 

common materials are provided in Table 1.2. [53] In this table, the materials located at 

the top of the series show a tendency of losing electrons, while the materials at the 

bottom of the series prefer to keep and gain electrons to attain a negatively charged 

surface. The friction between materials located at different position in series will 

create the triboelectricity, and the larger distance between two materials in series leads 

to the more transferred charges. [44, 54] Besides, it should be mentioned that at least 
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one material is required to be the insulator for triboelectrification. 

Table 1.2 Triboelectric series of some common materials representing the tendency 

of gaining/losing electrons. [53]  

 

1.3.2 Four working modes of TENG 

Based on such a fundamental of triboelectricity generation mentioned above, 

four different working modes of TENGs have been invented. [23, 28] Based on these 

working modes, various prototypes of TENGs are designed and fabricated, which will 

be utilized in different application occasions. 



       THE HONG KONG POLYTECHNIC UNIVERSITY           Chapter 1 

XU Wei  9 

(1) Vertical contact-separation mode  

The vertical contact-separation mode is considered as the most common mode 

for TENGs. [44, 55, 56] Fig. 1.3 shows a typical dielectric-to-dielectric vertical 

contact-separation TENG. [55] Herein, two different dielectric materials with 

electrodes coated on their surface contact with each other, and the two electrodes are 

electrically connected by external circuit. The difference in electron affinity of two 

materials will cause the electron transferring at the interface and further form two 

charged surfaces. When this two oppositely charged surfaces are separated, the 

electric potential difference will be generated between two electrodes accompanying 

with the electrostatic effect between each pair of material and electrode. Meanwhile, 

the generated electric potential can drive electrons to flow through the external circuit 

to balance the electric potential difference until the separation process is finished. 

Once the two separated materials get close and start to contact again, the inverse 

potential difference and electrons flow direction appear. Through the periodical 

contact-separation of materials driven by mechanical force, the electrons could flow 

back and forth and the alternating current (AC) therefore is created. Correspondingly, 

the mechanical energy is converted into electricity. This working principle is also 

appropriate to the conductor-to-dielectric vertical contact-separation TENG, where the 

triboelectric layers are dielectric and conductor, respectively. [27] 
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Figure 1.3 Working principle of the vertical contact-separation mode TENG and the 

generated electric signals. [55] 

According to the theoretical models of the dielectric-to-dielectric vertical 

contact-separation TENG in Fig. 1.4 a, the V-Q-x relationship for this type of TENG 

can be unified as the following equation. [27, 57] 

 

V is the voltage between the two electrodes, Q is the amount of transferred charge 

between electrodes. x(t) is the separation distance between the two triboelectric layers, 

which varies with the time. σ is the charge density on the inner surfaces of the two 

triboelectric layers after they contact with each other. S is the area size of the 

triboelectric layer. ɛ0 is the air dielectric constants. d0 is the effective thickness constant, 

which is the summation of the thickness of the dielectric (di) divided by its relative 

dielectric constant (ɛi). Besides, equation 1.1 is also appropriate to the 

conductor-to-dielectric vertical contact-separation TENG. 

(1.1) 
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Figure 1.4 Theoretical models for four modes of TENGs. (a) A dielectric-to-dielectric 

vertical contact-separation mode TENG. (b) A dielectric-to-dielectric lateral sliding 

mode TENG. (c) A single-electrode mode TENG and the equivalent circuit model 

containing three capacitances under open-circuit condition. (d) Schematic of typical 

dielectric-to-conductor (i) sliding-FTENG and (ii) contact-FTENG. 

Based on the vertical contact-separation mode, various device structures have 

been designed for different application. These structures include spacer structure, 

arch-shaped structure, spring-assisted structure, mesoporous structure etc. as shown in 

Fig. 1.5. [55, 56, 58-61] These vertical contact-separation TENGs have been used for 

building energy harvesting and self-powered sensor system. [59, 62-70] 

 

Figure 1.5 The device structures based on the vertical contact-separation mode, 

including (a) spacer, (b) arch-shaped, (c) spring-assisted, and (d) mesoporous 

structure. 
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(2) In-plane sliding mode 

In vertical contact-separation mode, the two contact materials are separated in 

vertical direction to the surface. Once the separation direction is parallel to the contact 

surface, the lateral sliding mode TENG is achieved. Fig. 1.6 shows the structure and 

working principle of a typical dielectric-to-dielectric lateral sliding mode TENG. [71] 

Similarly to the vertical contact-separation mode, two materials with different electron 

affinity contact with each other at the beginning. The triboelectrification effect causes 

the charge transfer at the interface and the oppositely charged surfaces are created. 

When the relative sliding between the two charged surfaces is conducted, triboelectric 

charges are separated at the displacement area because charges could remain at the 

insulate material surface for a while. The separated charged surfaces generate a 

polarization which is almost parallel to the displacement direction. This induces a 

potential difference across the two electrodes and further drives electrons movement 

through external circuit. By sliding back and forth, AC is generated by this mode 

TENG. [27, 28, 71] 

 

Figure 1.6 Working principle of a typical lateral sliding mode TENG. [71] 
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For lateral sliding mode TENG with one unit as shown in Fig. 1.4b, the V-Q-x 

relationship neglecting the edge effect can be demonstrated as: [71, 72] 

 

V is the voltage between the two electrodes, Q is the amount of transferred charge 

between electrodes. x is the displacement between the two triboelectric layers. σ is the 

charge density on the inner surfaces of the two triboelectric layers after they overlap 

with each other. l and w are the length and the width of the triboelectric layer, 

respectively. ɛ0 is the air dielectric constants. d0 is the effective thickness constant.  

Based on the operation principle, the lateral sliding TENG can also be designed 

to a linear-grating structure, rotation-disk structure, rotation cylinder structure and 

liquid-metal structure etc. as shown in Fig. 1.7. [73-78] for various application 

occasions. [77, 79-81] Compared to the vertical contact-separation mode, the sliding 

mode TENG possesses several advantages, such as the higher efficiency of 

triboelectricity and more expected structure. [42, 71, 73]  

 

Figure 1.7 The device structures based on the lateral sliding mode, including (a) 

grating structure, (b) rolling structure, (c) liquid metal structure. 

(1.2) 
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(3) Single-electrode mode 

Both vertical contact-separation and lateral sliding mode TENGs require two 

contact surfaces containing electrodes in each device. The relative motion between 

them is limited in a certain distance. In some case, the external object that applying 

mechanical force on device could also serve as one contact surface, and a 

single-electrode mode TENG therefore is formed. [23, 82] As demonstrated in Fig. 1.8, 

there are two parts in single-electrode mode TENG, namely primary electrode and 

reference component. [27] In the case of Fig. 1.8, the primary electrode (Al film) also 

serves as the contact material of the device. When the external object (FEP in this case) 

contacts with the primary electrode, electrons transfer happens at the interface due to 

their different electron affinity. Correspondingly, the charged surfaces are achieved 

once the object departs from the primary electrode, which causes the electric potential 

difference between primary electrode and reference component. Electrons therefore 

will flow from the reference component to the primary electrode to arrive the 

electrostatic equilibrium. Because the insulating external object allows a long-time 

retention of triboelectric charges, the electrons will flow back to the reference 

component when the object contacts with primary electrode again. It is worth noting 

that the reference component could be the ground, and the external mobile object can 

contact the single-electrode TENG in various direction, including parallel, vertical or 

random contact. 
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Figure 1.8 Working principle of a typical single-electrode mode TENG. [27] 

For the single-electrode mode TENG, an equivalent capacitance is established as 

shown in Fig. 1.4c. Here, C1, C2 and C3 in the equivalent circuit represent the 

capacitive effects between every two nodes. Then the transferred charge Qsc and the 

open-circuit voltage Voc can be illustrated as following: [27, 83] 

 

 

Where the σ, w and l are the triboelectric charge density, the width of electrode and the 

length of the electrode, respectively.  

Even though the electrostatic screening effect limits the transfer of induced 

electrons in the single-electrode mode, its unique structure and working principle still 

provide the device with attractive advantages and enable the device to be applied in 

various occasions with different device structure as demonstrated in Fig. 1.9. [84-92]  

(1.3) 

(1.4) 
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Figure 1.9 The device structures based on the single-electrode mode, including (a) 

stretchable sliding structure, (b) vertical contact structure, (c) rolling structure. 

(4) Free-standing triboelectric-layer mode 

Similarly to the single-electrode mode, the free-standing triboelectric-layer mode 

TENG (FTENG) also allows the free movement of one triboelectric surface without 

restriction. [93-97] As shown in Fig. 1.10 a and b, a pair of symmetric electrodes (left 

electrode and right electrode) with a small gap are electrically connected with each 

other through a resistance. The symmetric electrodes also serve as one contact 

material. A moving object as the other contact material fully overlaps with the left 

electrode at the original state. The charged surfaces are generated due to the different 

electron affinity between left electrode and moving object. When the moving object 

slides from the left electrode to the right one, positive charges in left electrode will 

flow toward the right electrode to balance the electrostatic field caused by the charged 

moving object until the object fully overlaps with the right electrode. A reverse sliding 

of object will cause the opposite charging flow and an AC triboelectricity is generated. 

[94] Besides the mentioned dielectric-to-conductor sliding-FTENG, the 

dielectric-to-dielectric sliding-FTENG is also illustrated in Fig 1.10 d. It also should 
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be mentioned that the moving object could be charged by its daily contact with air or 

other objects even before approaching the FTENG. In this case, the pre-charged object 

can induce the charges flow with the swing of object by the non-contact interaction 

between object and symmetric electrodes (the vertical separation gap is required very 

small) as shown in Fig. 1.10 c, which will improve device’s durability and reduce heat 

generation under long-term operation. [27, 94] 

 

Figure 1.10 (a) and (b) A typical device structure and working principle of a 

conductor-to-dielectric sliding-FTENG. (c) and (d) Schematic of a non-contact 

sliding-FTENG and a dielectric-to-dielectric sliding-FTENG. [94] 

For the sliding-FTENG as shown in Fig. 1.4d (i), the dielectric bottom surface 

cannot be seen as a single node because the electrical potential changes with relative 

sliding. Assuming that there is only a small region of dk in the bottom dielectric 

surface containing the triboelectric charges, the charges on the two electrodes, namely 
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dQ1 and dQ2, under short-circuit conditions can be expressed as: [27, 98] 

 

 

Herein, C1(k) and C2(k) represent the capacitance between the small charged region and 

metal electrode 1 and 2, respectively. The width of this object is defined as w. The 

density of triboelectric charge is σ. 

 

Figure 1.11 Device structure and working principle of a contact-FTENG. [95] 

Besides, another kind of FTENGs is the contact-FTENG, where the object moves 

in perpendicular direction to the electrode. As shown in Fig. 1.11, the vertical 

vibration of the moving object between the two electrodes induces the electron flow 

(1.5) 

(1.6) 
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between electrodes and generates the triboelectricity. [95]  

For this contact-FTENG as shown in Fig. 1.4d (ii), its V-Q-x relationship can be 

expressed as: [95, 98] 

 

V is the voltage between the two electrodes, Q is the amount of transferred charge 

between electrodes. x is the separation distance between the moving object and the 

bottom electrode. g is the total air gap thickness between these two electrodes. σ is the 

triboelectric charge density of both surfaces. S is the area size of the triboelectric layer. 

ɛ0 is the air dielectric constants. d0 is the effective thickness constant. 

At present, the FTENG has been designed into linear-grating, rotation-disk and 

hourglass structure etc. as shown in Fig. 1.12. [93, 96, 97, 99] These devices have been 

used to harvest energy or detect various motion parameters. [94, 100-103] 

 

Figure 1.12 The device structures based on the FTENG, including (a) grating structure, 

(b) plate structure, (c) hourglass structure, (d) rolling structure based on rods. 

(1.7) 
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1.3.3 Figure-of-Merits for quantifying the TENG 

As aforementioned, there are four basic modes for TENGs. Each mode includes 

various device structures and choices of materials to accommodate the corresponding 

mechanical triggering conditions. To quantitatively evaluate and compare the 

performance of each TENG with different structures/materials, a universal standard, 

namely figure-of-merits (FOM), is introduced into the device, which includes the 

dimensionless structural FOM (FOMS) and the dimensionless material FOM (FOMM). 

[104] The proposed standards will pave the foundation benefiting the optimized 

applications and industrialization of the device.  

In this standard method, the plot of V-Q (voltage - total transferred charges) is 

first established, which is the prototype of TENG operation cycle. Correspondingly, 

the maximized output energy per cycle Em, which is calculated as the area of operation 

cycle at the external resistance R= ∞, is achieved. It is used to determine the merits of 

the TENG. Among them, the FOMS of TENG, as the factor representing the merit of 

TENG from the perspective of structural design, is given as following equation: 

 

A is the triboelectrification area, σ is the surface charge density, ɛ0 is the permittivity of 

the vacuum. xmax represents the maximum separation distance between triboelectric 

surfaces. And then the performance FOM (FOMP) of TENG can be defined as: 

(1.8) 
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For FOMM, it is only related to the triboelectric surface charge density σ. To standardly 

quantify the σ of materials, a certain liquid metal (Galinstan) was chosen as the 

triboelectric material to contact with each material. The surface charge densities from 

FEP and Galinstan (σFEP/Galinstan) interaction is considered as the reference triboelectric 

charge densities. Then the dimensionless FOMM is given as: 

 

Here, σmaterial/Galinstan is the triboelectric charge density of material contacting with 

Galinstan. σN is defined as the normalized triboelectric charge density, which is the 

ratio of σmaterial/Galinstan to σFEP/Galinstan. 

1.3.4 Application of TENGs 

Based on the four working modes illustrated above, various TENGs have been 

fabricated and developed for different applications. Currently, the TENG is mainly 

used in two aspects: (a) as power source and (b) as self-powered active sensor. [23, 28] 

(1) TENGs as sustainable power sources  

Attributed to the ability of the TENG in harvesting and converting the 

mechanical energy, it shows the great potential as the sustainable power source to 

driven electronics and serve for other applications, such as electrodeposition [55], 

(1.9) 

(1.10) 
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anticorrosion, [105] and electrochemical degradation [106, 107] etc. Various ambient 

mechanical energies, such as human body motion energy, vibration energy, wind 

energy and blue energy, have been harvested based on TENGs. [27] 

Table 1.3 Mechanical energy from typical body motions and the theoretical electricity 

that can be generated. [7]  

 

(Ⅰ) Harvesting body motion energy 

Human body provides abundant mechanical energy as shown in Table 1.3, [7] 

which can be harvested by TENGs. Especially, the recent development of wearable 

and implantable electronics increases the demand to TENGs for harvesting human 

body mechanical energy. [108] These TENGs can directly drive electronics as the 

sustainable power source and form a self-powered system. Considering the feature of 

body motion, a series of TENGs with stretchability, flexibility, and comfortability 

have been devoted for harvesting body motion energy. They include fiber-based, 

fabric-based and human skin based TENGs etc. 
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Figure 1.13 TENGs for body motion energy harvesting. (a) Fiber based TENG. (b) 

Fabric based TENG. (c) Origami based TENG. (d) Human skin based TENG. 

As shown in Fig. 1.13a, the first fiber-based TENG is illustrated based on the 

contact-separation mode. [109] This device is formed by entangling two 

modified-cotton threads: carbon nanotube (CNT) coated cotton thread, as well as 

polytetrafluoroethylene (PTFE) and CNT coated cotton thread. The contact between 

CNT and PTFE under stretching and releasing cycles enables this device to harvest 

biomechanical energy from human body. Furthermore, this device can be woven into a 

fabric, which can create triboelectricity under shaking and power wearable electronics. 

Similarly, another TENG fabric based on freestanding triboelectric-layer mode has 

been reported for harvesting body motion energy as shown in Fig. 1.13b. [110] 

Besides, a paper-based origami structured TENG with low-cost, light-weight, and 

flexibility has been prepared for harvesting energy form various human motions, such 

as stretching, lifting, and twisting (Fig. 1.13c). [111] Another attractive TENG for 

body motion energy harvesting is the human skin based single-electrode mode TENG 
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as shown in Fig. 1.13d. [89] Herein, human skin is used as one kind of movable 

triboelectric material of the TENG. Therefore, the human motion energy can be 

converted by the touching process between human skin and the TENG. 

(Ⅱ) Harvesting vibration energy 

Vibration is a type of common mechanical motion, which ubiquitously exists in 

various forms and wide range, from arterial pulse to washing machines vibration. [53] 

A series TENGs have been developed to harvest ambient vibration energy, especially 

the low-frequency vibrations. 

Chen et al reported a harmonic-resonator-based TENG, which can harvest 

random and tiny ambient vibration (frequency range is from 2 to 200 Hz) as a power 

source. The device’s structure is similar with the spring-assisted vertical 

contact-separation mode TENG as shown in Fig. 1.14a. [59] Subsequently, the 

contact-separation mode cantilever-based TENG and the single-electrode mode 

wave-structure TENG have been developed as vibration energy harvester. [112, 113] 

For TENGs mentioned above, they only target vibration in single direction. To expand 

the target sources, a three-dimensional TENG was fabricated as shown in Fig. 1.14b. 

This device is capable of operating in both vertical contact-separation mode and 

in-plane sliding mode, which enables the random vibration energy harvesting in 

multiple motion directions. [114] Besides, another TENGs, such as suspended 3D 

spiral structure TENG [115] and powder typed TENG [116], have been reported for 
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multi-direction vibration energy harvesting. Interestingly, it is noted that the sound 

wave, a unique form of vibration, also can be scavenged by an organic film based 

TENG as shown in Fig. 1.14c. [70] 

 

Figure 1.14 TENGs for vibration energy harvesting. (a) Harmonic-resonator-based 

TENG. (b) Three-dimensional TENG. (c) Organic film based TENG based TENG. 

(Ⅲ) Harvesting wind and blue energy 

Wind energy and water wave energy belong to the richest renewable energy 

sources, which is available for large scale application. [80, 117, 118] Therefore, 

harvesting wind and blue energy based on TENGs is considered as a promising 

technology to face energy crisis.  

At present, TENGs for wind energy harvesting mainly include rotational 

structural TENG and flutter-driven structural TENG. Fig. 1.15a illustrates a 

disk-based TENG with rotational sliding freestanding mode as wind energy harvester. 

[119] Driven by the wind, the TENG can work by the non-contact interaction to 

generate electricity. Fig.1.15b shows a flutter-driven structural TENG, which operates 

by the wind-driven fluttering of FEP ribbon. [120] Similarly, a flag type TENG was 

developed for harvesting wind energy from arbitrary directions. [121] For blue 
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energy harvesting, a fully enclosed, rolling structured, freestanding mode TENG has 

been developed targeting toward water wave energy with low frequency as shown in 

Fig 1.15c. [122] Furthermore, a TENG network can be formed for large-scale blue 

energy harvesting in ocean illustrated in Fig 1.15d. [123, 124] 

 

Figure 1.15 TENGs for wind energy and blue energy harvesting. (a) Disk-based TENG. 

(b) Flutter-driven structural TENG. (c) Fully enclosed and rolling structured TENG. (d) 

TENG network for large-scale blue energy harvesting. 

(Ⅳ) Power storage and management of TENGs 

When TENGs serve as power source of electronics and self-powered system. It 

should be mentioned that TENGs fundamentally generate the alternating current (AC) 

output. This means that TENGs cannot directly serve as the power source for most 

commercial electronics. In this case, a usual strategy is to integrate TENGs with a 

power management circuit, a rectifier and an energy storage unit (batteries or 

capacitors), which could convert AC to DC, store the electricity and output them in a 

suitable manner following the application requirement. 

(2) TENGs as self-powered sensors  

As aforementioned, the TENG is able to produce electric signals as a response of 

the external mechanical stimuli. The features of output signals, such as amplitude and 
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frequency, depend on the related parameters of applied mechanical stimuli as well as 

the environmental parameters affecting the charge density of triboelectric surfaces. 

This provides the TENG with the ability as a self-powered mechanical or 

chemical/environmental sensors to obtain the information about the mechanical input 

and the working environment, respectively. [27, 28, 44, 125] 

(Ⅰ) TENGs as self-powered active mechanical sensors.  

As the self-powered mechanical sensors, TENGs have been employed for 

pressure detection, motion sensing and vibration sensing, etc. Fig. 1.16a shows a 

prototype of self-powered pressure sensor based on a contact-separation mode TENG. 

[66] This device can accomplish static and dynamic pressure sensing, simultaneously, 

by corresponding measurement approaches. The excellent pressure detection 

performance, including high sensitivity (0.31 kPa −1), fast response time (<5 ms), and 

low detection limit (2.1 Pa), has been observed. Other similar pressure sensors with 

different features have been reported. [126, 127] TENGs can also serve as the 

self-powered motion sensors to track the moving object. Fig. 1.16b illustrates a 

self-powered sensor to monitor planar movements of objects based on a series of 

arrayed single-electrode mode TENGs. [128] Through measuring the open-circuit 

voltage and short-circuit current, the trajectory, acceleration and velocity of moving 

objects were derived. Additionally, a series of prototypes of sensors have been realized 

for sensing linear displacement, [79] acceleration, [129, 130] rotation, [93] etc. Fig. 
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1.16c demonstrates the application of TENG as self-powered vibration sensor. [115] It 

is a vibration driven suspended 3D spiral structure. Furthermore, after being put at 

different positions to form multichannel, the sensor can detect and identify the 

position of vibration source. Other self-powered vibration sensors for acoustic 

monition and recognition have been reported. [70, 131, 132] Besides, by integrating 

the mechanical sensor groups with the computers, the self-powered human-machine 

interface system, [133, 134] such as smart keyboard or tactile imaging, [127] has also 

be developed as shown in Fig. 1.16d. 

 

Figure 1.16 TENGs for self-powered mechanical sensors for (a) sensing pressure, (b) 

tracking moving objects, (c) detecting vibration and position of vibration source, and 

(d) human-machine interface application. 

(Ⅱ) TENGs as self-powered chemical/environmental sensors  

It is known that the triboelectric charge density and the output of TENGs can be 

changed by the interaction between the triboelectric material and certain chemical 

species in working environment. The TENG therefore can operate as self-powered 

active environmental/chemical sensors. [28]  
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Fig.1.17a illustrates a TENG as the sensor for detecting Hg2+ ions. [67] Herein, 

the Au nanoparticles modified with 3-mercaptopropionic acid molecules serve as one 

triboelectric material. Since Hg2+ ions can be selectively bounded toward the 

triboelectric surface to change the surface property, the concentration of Hg2+ can be 

recognized by monitoring TENG’s output performance. Similarly, a self-powered 

phenol detection sensor has been developed as shown in Fig. 1.17b. In this study, 

β-cyclodextrin assembled onto the TiO2 nanowires possesses the cavity structure for 

selectively adsorbing phenol. [135] Besides, a self-powered UV sensor was developed 

as shown in Fig. 1.17c, where the 3D dendritic TiO2 nanostructures as one contact 

material can response to UV light. [136]  

 

Figure 1.17 TENGs for self-powered chemical/environmental sensors for sensing (a) 

Hg2+ ions, (b) phenol molecules, and (c) UV lights. 

1.4 Significance and motivation of the research 

Triboelectric nanogenerator (TENG) is considered as a promising energy 

technology due to its great advantages, such as simple fabrication process, light 

weight, low cost, expected size and abundant materials choice etc. compared to its 
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counterparts [23, 43]. Therefore, to develop some novel TENGs is important and 

beneficial for meeting the requirement of modern electronics industry and coping 

with the energy crisis and environmental change, and deserves more attentions. For 

present TENGs, one of the most important issues need to be addressed is its limited 

robustness and reliability caused by the frequent, long-term and unavoidable 

mechanical impacts during the process of mechanical energy converting. Specifically, 

these mechanical impacts originate from not only the external mechanical stimuli but 

also the internal mechanical friction between triboelectric materials of the device 

itself, and will inevitably lead to the material and device failure, generating a series 

of problems, such as the degradation of performance, the loss of life-span, and the 

generation of electronics waste. This puts forward a serious challenge to the further 

application of the TENG as a reliable and sustainable energy device. Therefore, it is 

very urgent and realistically significant to propose strategies for overcoming above 

obstacles. 

It is noted that polymer materials, as the main constituent materials of TENGs, 

play an important role to promote the development of devices. [137-140] It serves as 

not only contact materials but also substrates or spacers, and the property of the 

employed polymer materials will obviously affect the performance of TENGs. In this 

regard, to develop and design novel TENGs from the perspective of utilized polymer 

materials could be an ideal entry point to improve the device’s performance for 
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resisting the negative influence of mechanical impacts. Especially, the functional 

polymers [141-143], which possess the inherent functions, such as stimuli-responsive, 

self-healing [144-146] or biodegradable behavior [147] etc., have been attracting 

extensive attentions in various fields. It is believed that the integration of TENGs and 

functional polymers will provide the device with added properties and functions, 

which is beneficial for conceiving feasible strategy to optimize the existing TENGs 

for resisting the negetive effect of mechanical impacts. To our knowledge, few 

attempts have been conducted in this promising field.  

1.5 Organization of the thesis 

The chapters of this thesis are organized as follows: 

Chapter 1: Introduction. In this chapter, the background of harvesting and 

utilization of ambient mechanical energy is first introduced, followed by the 

illustration of triboelectric nanogenerator (TENG), including its fundamental, 

working modes, and application. Then, the significance and motivation of this thesis 

are presented. Last, the organization of the thesis is introduced for the guidance of 

the reading. 

Chapter 2: Experimental Techniques. This section introduces the main instruments 

and techniques for the fabrication and characterization of TENGs and employed 

functional polymers. 
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Chapter 3: Noncontact TENG Based on Magnetic Response Polymer. In this 

chapter, a noncontact TENG is fabricated to reduce the device degradation caused by 

the external mechanical impacts. This noncontact device is used for wind and blue 

energy harvesting. 

Chapter 4: Self-healing TENG Based on Healable Polymers. This chapter 

demonstrates two kinds of self-healing TENGs based on healable polymers, which 

can restore the performance when the mechanical damage is occurred. Finally, the 

shape-tailorability of the device is discussed.  

Chapter 5: Environmental-Friendly TENG Based on Hydrogel. This chapter 

illustrates an environmental-friendly TENG based on hydrogel to reduce the 

electronics pollution caused by mechanical-broken devices. This flexible 

hydrogel-based TENG can harvest various motion energy and serve as self-powered 

human motion sensor. Finally, the recyclability of hydrogel-based TENG is 

demonstrated.  

Chapter 6: Conclusions and Future Prospect. In this chapter, the results about this 

thesis are summarized. Meanwhile, future research plans related to TENGs and 

functional polymers are presented. 
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Chapter 2   Experimental Techniques  

The important experimental methods and experimental equipment employed in 

this thesis will be illustrated in this chapter. The crosslinking and thermal 

evaporation methods were used for preparing some polymers and electrodes, 

respectively. The structural characterization of prepared polymers was conducted by 

SEM, X-ray diffraction, and FTIR. The mechanical and thermal properties of 

materials were analyzed by universal tensile tester and DSC, respectively. The final 

electric output performance of prepared device was measured by digital storage 

oscilloscope. 

2.1 Sample preparation  

2.1.1 Crosslinking of macromolecular chains  

The employed polymer elastomers are finally formed by the crosslinking 

technology of macromolecular chains. Crosslinking is the process of interconnecting 

polymer molecular chains to form a three-dimensional network structure, which 

usually is conducted in order to enhance the physical and chemical stability of 

polymers. [148-150] Generally, crosslinking can be categorized into chemical 

crosslinking and physical crosslinking. [151, 152] For chemical crosslinking, 
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molecular chains are joined using chemical bonds by chemical reactions between 

macromolecules and crosslinking reagent. The resulting crosslinking network limits 

the relative slip of molecular chains each other, improving material’s mechanical 

property, thermal property and solvent resistance. [153-156] This benefits their 

practical application as the constituent material of device. In most cases, chemical 

crosslinking is irreversible. [157-160] This means that it is impossible to recycle the 

product. In comparison, physical crosslinking is conducted mainly based on 

reversible non-covalent linkage among molecular chains, which therefore makes the 

polymer elastomer recyclable and low cost. [151, 161-163] 

2.1.2 Thermal evaporation 

Besides commercial available electrodes, some electrodes utilized in as-prepared 

TENG were fabricated by thermal evaporation technology. Thermal evaporation is 

considered as a technology of Physical Vapor Deposition. [164-167] As shown in Fig. 

2.1, [168] by heating a material in a vacuum chamber, the surface atoms of materials 

will acquire sufficient energy to get rid of the surface, leading to the evaporation. Then 

the material vapor consisting of evaporating atoms or molecules will travel in the 

vacuum chamber and finally deposit on the substrate surface to form a thin film. The 

required low pressure in chamber (below 10−4 torr) avoids collision among vapor 

material particles and enables these particles to move directly from the evaporation 
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source towards the target substrate. When these particles arrive to the substrate, there 

will be several steps at microscopic level for the film growth, such as arrival of atoms 

onto the surface, adsorption, superficial diffusion, nucleation, and formation of new 

layers, etc. Each step depends on the parameters of deposition process (deposition rate, 

temperature, evaporated material, surface energy of substrate, and the substrate 

cleaning, etc.) as well as the previous step to finally determinate the growth and the 

morphology of prepared films. [168-172] 

 

Figure 2.1 A simple schematic of thermal evaporation by resistance heating. 

Any evaporation system needs thermal energy source for heating the source 

material in the form of wire, pellets, shot etc. for evaporation. The heating supply 

system could be the resistive boat or coil which generates heat itself when current 

flows through it. It also could be a crucible which is surrounded or exposed to an 

electric filament. In our study, we use resistive boat for material heating. 
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2.2 Structure characterization 

2.2.1 Fourier transform infrared spectroscopy (FTIR) 

FTIR is a measurement technique for measuring the infrared radiation (IR) 

absorption of the sample material under a range of wavelengths. The infrared 

spectrum could be used to identify molecular components and structures of organic, 

polymeric, and, in some cases, inorganic materials. [173-175] As shown in Fig. 2.2, 

IR source generates a beam containing the full spectrum of wavelengths. The beam 

gets into Michelson interferometer and is separated into two beams by beam splitter. 

The two beams are reflected by the fixed and moving mirror, respectively, and 

finally pass to the detector. With changing the moving mirror by a motor, the optical 

path difference between the two reflected beams is changed, leading to the radiations 

with different wavelengths come out periodically from the interferometer due to 

wave interference. When these infrared radiations go through the sample, some light 

with certain wavelength will be absorbed by sample molecules. The resulting signal 

is detected by the detector and is analyzed by a common algorithm of the Fourier 

transform to obtain an infrared spectrum. Each absorbed wavelength represents 

unique molecular or chemical structure, making FTIR become a great tool for 

chemical identification. [176-178] 
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Figure 2.2 A typical construction for Fourier transform infrared spectroscopy setup 

(https://goo.gl/images/TkRs66). 

2.2.2 X-ray diffraction 

The crystallization property of polymer is characterized by X-ray diffraction 

(XRD). XRD is a powerful, common and rapid analytical technique for phase 

identification of crystalline materials and investigating the internal structure of 

crystals. [179-182] As shown in Fig. 2.3a, a typical X-ray diffractometer usually 

includes three basic elements: an X-ray tube, a sample holder, and an X-ray detector.  

Specifically, the X-ray tube generates X-rays which are irradiated toward the 

sample. As shown in Fig. 2.3b, when a series of parallel beams of X-rays with 

wavelength of λ are incident on the testing sample, they are scattered by the atoms in 

the plane of a periodic structure. The distance between two nearest parallel planes is d. 

When the incidence angle (θ) with these parallel planes satisfies the Bragg equation, 

nλ = 2dsinθ, the scattered X-rays are in phase, and diffraction occurs in the direction. 
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The corresponding diffraction signals will be accepted by a detector scanning at this 

angle θ. Based on this, we can get the diffraction pattern and calculate the distance 

between the two parallel planes (d). These results could be used to compare with the 

known standard diffraction patterns for identifying the crystal feature. [183-186] 

 

Figure 2.3 (a) A structural schematic of a typical X-ray diffraction 

(https://goo.gl/images/hbke2C). (b) The illustration of the working principle of X-ray 

diffraction (https://goo.gl/images/QJxZf8). 

2.2.3 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) serves as a common electron microscope 

for imaging a sample. The SEM utilizes a focused high-energy beam of electrons to 

produce a variety of information about the sample's surface topography and 
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composition. [187-189] The construction of the device has been shown in Fig. 2.4.  

 

Figure 2.4 A simple schematic of a typical SEM (https://goo.gl/images/bJKm7J). 

The electron gun (thermionic guns or field emission guns) at the top of the device 

produces a beam of highly concentrated electrons and these primary electrons are 

accelerated by the grid and anode. The electron beam then passes through a series of 

condensing lenses in vacuum chamber, which direct and focus the electron beam 

toward the sample. Next, when these high-energy electrons start to hit the sample, a 

number of signals are produced accompanying with the interaction between electron 

beam and sample atoms. [190, 191] As presented in Fig. 2.5, various signals are 

generated at various depths within the sample. These signals, including secondary 

electrons, backscattered electrons, characteristic X-ray, transmitted electrons and 

visible light, will be caught by detectors to finally image the sample. Specifically, by 
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scanning samples, secondary electrons from surface area can be analyzed to image the 

morphology and topography of samples, while backscattered electrons from deeper 

locations can response the differences in sample’s composition. For the characteristic 

X-ray from an inner shell electron, it is useful to recognize the element composition of 

sample. [187, 188, 192] 

 

Figure 2.5 A schematic of generated signals from the interaction between electron 

beam and a sample (https://goo.gl/images/GCLnvg). 

Since the smaller wavelength of the electrons compared to that of visible light 

used in optical microscope, the SEM shows higher resolution (about 250 times of the 

light microscopes in the magnification limit). Besides, the SEM can also provide the 

multiply sample information related to both surface topography and composition, 

simultaneously. Therefore, the SEM becomes one of the most popular material 
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characterization technology. However, it should also be mentioned that the 

morphology measurement of some prepared samples in our experiments were 

conducted using optical microscope instead of SEM due to the decreased observation 

requirement of samples and the low cost of optical microscope. 

2.3 Property characterization  

2.3.1 Mechanical property characterization 

The mechanical property of prepared materials was measured by tensile testing 

based on universal testing machine (e.g., INSTRON 3344) according to ASTM D638. 

[193-195] The composite of the INSTRON 3344 is shown in Fig. 2.6. 

After placing the sample in upper and lower fixtures, the upper fixture starts to 

move driven by the system motor based on required testing parameters, including 

sample size, speed, and accuracy etc. Load cell above upper fixture will sense tensile 

strength and convert the strength into voltage signals. Meanwhile, the distance change 

between the two fixtures will also be detected. Correspondingly, the tensile stress of 

the sample will be displayed automatically against the elongation. This process will 

keep until the yield or fracture of sample is arrived. It should be mentioned that the 

tensile testing usually requires a dumbbell-shaped test specimen, which has two large 

shoulders for fixation and a gauge section for failure occurrence. 
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Figure 2.6 A structural schematic of a typical universal testing machine 

(http://www.instron.us/~/media/literature-library/manuals/3340-single-column-table-

frames-operator-guide.pdf?la=en). 

2.3.2 Thermal property characterization 

Differential scanning calorimetry (DSC) is a thermal analytical technique. It 

measures the heat flow difference between the sample and the reference as a function 

of temperature. [196-199] As shown in Fig. 2.7, there are two pans in DSC instrument, 

namely reference and sample pans. The reference pan is an inert material. such as an 

empty aluminum pan. The sample pan is an aluminum pan sealing sample inside. 

When increasing or decreasing the temperature of both the sample and the reference at 

a constant rate, the required heat flow or enthalpy changes for the two pans are 

different because their different heat capacity. The heat flow difference between the 
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sample and the reference can be described as: [200, 201]  

 

Generally, the ∆dH/dt will maintains stable over the certain range of temperatures. 

However, when the sample undergoes a physical or chemical transition which is 

usually an exothermic or endothermic process, the sample pan will need more or less 

heat to maintain the same temperature with reference pan. Therefore, the heat flow 

difference between the sample and the reference will change obviously, which can be 

observed by heat flow difference-temperature curve. By means of this principle, the 

amount of absorbed or released heat during such transition can be calculated. 

Meanwhile, the thermal property and phase transition behavior of materials, such as 

melting, crystallization, glass transitions and degradations etc. can be studied. [197, 

198] 

 

Figure 2.7 A structural schematic of a typical DSC (https://goo.gl/images/qsCUxC). 

(2.1) 
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2.3.3 Electric output characterization of device 

The electric output generated from TENGs is mainly measured by an 

oscilloscope. The oscilloscope is an electronic test equipment to observe the variation 

of an electrical signal over time. The observed waveform can be further analyzed to 

acquire various property data, such as amplitude, rise time, time interval, frequency 

etc. [202, 203] Therefore, it is widely used in the academic research, medicine, 

engineering and telecommunications industry.  

The early oscilloscope typically consists of four sections, namely the display, 

vertical controls, horizontal controls and trigger controls. [203-205] Generally, the 

display is a cathode ray tube (CRT) or liquid crystal display (LCD) panel with 

horizontal and vertical reference graticule on screen. The vertical and horizontal 

sections mainly control the amplitude and the time base of the displayed signal, 

respectively. The trigger section controls the start of the operation. The trigger 

threshold can be set by user as their need. In addition, most oscilloscopes accept the 

input signal by a probe connecting to the end of any input instrument. The typical 

probe has a much higher resistor than the oscilloscope's input impedance (about 10 

times input impedance). With the rapid development of electronics industry, various 

oscilloscopes with improved performance have been developed. 

In this project, we choose the digital storage oscilloscope (DSO) for electric 

property characterization of device. At present, the DSO is the most common type of 
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oscilloscope attributed to its advantages in the trigger, storage, display and 

measurement features. [202, 206, 207] The operation principle of a conventional DSO 

is illustrated in Fig.2.8. 

 

Figure 2.8 A basic block diagram of a conventional DSO 

(http://d1.amobbs.com/bbs_upload782111/files_43/ourdev_663181PM65CS.pdf). 

Specifically, the input electric signal (analogue signal) is firstly fed into a probe 

(amplifier), which changes signal’s amplitude in proportion to match with the 

requirement of input signal range of Digital Converter (ADC) and the trigger detector 

as shown in Fig. 2.9. When the adjusted voltage signal crosses a preset threshold, the 

trigger unit generates the trigger signal and makes device start recording. Meanwhile, 

the ADC starts to sample the analogue signal at regular intervals from the amplifier. To 

avoid aliasing, the Nyquist rate of DSO (The half the sampling rate of the ADC) 

should be higher than a bandwidth of input signals. By ADC, the input analogue signal 

will be converted into a digital signal. Then the digital output from the ADC is 

recorded and stored in consecutive locations of the memory until the memory is full. 

After that, the digital recording in memory unit is continuously scanned by Digital to 

Analogue Converter (DAC) to turn back into the analogue signal again, which is sent 
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to the CRT or LCD for display. Additionally, the hold mode of DSO could keep the 

signal trace for a long time to benefit the user for result analysis. When changing the 

input voltage, the DSO will be re-triggered, and the memory is overwritten with a new 

recording.  

Herein, we use LeCroy WaveRunner Oscilloscope (44MXI) with the probe 

resistance value of 10 MΩ or 50 MΩ to measure the open-circuit voltage (Fig 2.9). 

Short-circuit current were measured by additionally connecting a low noise current 

amplifier (Stanford Research Systems, SR570). The noise filter and the coupling of 

the oscilloscope were 1 bits and AC 1MΩ, respectively. Besides, the current-voltage 

(I-V) curves were measured by Keithley 2400. 

 

Figure 2.9 The optical image of the used DSO and the schematic of a probe 

(http://d1.amobbs.com/bbs_upload782111/files_43/ourdev_663181PM65CS.pdf). 
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Chapter 3   Noncontact TENG Based on 

Magnetic Response Polymer  

3.1 Introduction 

Triboelectric nanogenerator (TENG), a mechanical converting technology 

depending on the triboelectrification and electrostatic induction, has shown some 

attractive features. [27, 31, 208-212] Currently, four main modes of TENGs, 

including vertical contact-separation, in-plane sliding, single-electrode, and 

freestanding triboelectric-layer modes, have been developed. [23, 109] Based on these 

working modes, various TENGs with different structures and materials have been 

fabricated for many applications. [44, 78, 213-218]. It is noticed that for all of the four 

modes, TENGs have to directly contact with external mechanical force for converting 

mechanical energy. [57, 219, 220] This will cause a series of obstacles. Firstly, the 

direct and repetitive impact of external force to the device will aggravate the abrasion 

of contact surface and further break the attached electrodes and the micropattern in 

triboelectric layer, which finally leads to the performance degradation and device 

failure under long time operation. [28, 119] Secondly, the mechanical motions existed 

in real environment is usually complicated, and the resulting complicated interaction 

between mechanical stimuli and TENGs will lead to the random and unstable output 
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of device, which is not favorable for practical application. Therefore, how to avoid the 

direct impact of external mechanical force on TENGs becomes one of crucial issues to 

improve the device’s performance for practical applications.  

Herein, we develop a magnetic-assisted noncontact TENG to reduce the 

mechanical disruption of external force on the device. [221, 222] After introducing the 

magnetic response polymer composite into the TENG, the interaction between 

triboelectric materials in device can be remotely controlled by the mechanical motion 

of external magnet via magnetic field mediation to generate electricity. This design 

avoids the direct contact between device and external mechanical stimuli in traditional 

TENGs and therefore delays the device degradation and failure. Meanwhile, such a 

noncontact mode shows the potential to convert some complicated external 

mechanical motions into a simple mechanical motion between triboelectric material, 

which benefits the improvement in usability of generated triboelectricity. Furthermore, 

the integration of noncontact TENG and wind/water blades enables the wind and blue 

energy harvesting. The influence of contact-separation frequency, wind speed, and 

humidity on the output performances of device has been systematically investigated. It 

is found that the encapsulated noncontact TENG shows a more stable output in harsh 

environment.  
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3.2 Fabrication of the noncontact triboelectric 

generator 

We prepared a noncontact contact-separation mode triboelectric generator with 

arched structure. This device mainly includes two parts, namely, the magnetic 

response layer (PDMS/FeCoNi composite/PET/Al/PDMS) and non-magnetic 

response layer (Al/Ni fabric/PET). 

(1) Fabrication of the magnetic response layer 

The magnetic response layer consists of magnetic response polymer composite, PET 

substrate, Al electrode, and PDMS contact materials. For the magnetic response 

polymer composite, it was fabricated by mixing the magnetic Fe-Co-Ni powder (100 

μm, Ciny electric instrument, Ltd), the commercial available PDMS prepolymer and 

the corresponding crosslinker (Sylgard 184, Dow corning). The weight ratio of 

magnetic Fe-Co-Ni powder to PDMS is 5:1 and the weight ratio of PDMS 

prepolymer to crosslinker is 10:1. [30] After degassing in vacuum oven at ambient 

temperature, the mixture was cured in an oven at 80 oC for 2 hr to form a magnetic 

response polymer composite film. Then the film was cut into suitable dimensions (4 

cm × 4 cm) for the subsequent use. Similarly, the utilized PDMS contact materials 

was also achieved by mixing PDMS prepolymer and crosslinker in 10:1 mass ratio. 

After degassing, the mixture was poured on the surface of a DVD and cured at 80 °C 

for 1 hr. The DVD was cleaned with adhesive tape, deionized water and absolute 
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ethanol in advance. After peeling off the cured PDMS film from the DVD disk, the 

microstructure on the surface of DVD will be transferred to the surface of the PDMS 

film. Finally, the patterned PDMS film was cut into a suitable size (4 cm × 4 cm) as 

one contact material of the non-contact TENG. The magnetic response layer 

therefore was achieved by assembling the magnetic response polymer composite 

film, the PET substrate, the Al electrode, and the PDMS contact material film in 

sequence. 

(2) Fabrication of the non-magnetic response layer 

The non-magnetic response layer consists of Al/Ni fabric electrode and the PET 

substrate. For the Al/Ni fabric electrode, it was fabricated by means of the thermal 

evaporation. Specifically, under the vacuum of 10-7 Torr, the 400 nm thick Al film was 

deposited on the surface of a commercially available Ni fabric. The as-prepared Al/Ni 

conductive fabric served as both the electrode and the other contact material of TENG, 

and it was attached on the surface of arched PET film to achieve the non-magnetic 

response layer of the noncontact TENG.  

(3) Fabrication of the noncontact TENG 

Finally, the noncontact triboelectric generator was fabricated by assembling the 

magnetic response layer (PDMS/FeCoNi composite/PET/Al/PDMS) and the 

non-magnetic response layer (Al/Ni fabric/PET) together. 
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3.3 Structure and working principle of the 

noncontact TENG 

The device’s structure is schematically shown in Figure 3.1a. It is found that the 

noncontact TENG includes two parts, magnetic response layer (PDMS/FeCoNi 

composite/PET/Al/PDMS) and non-magnetic response layer (Al/Ni fabric/PET). The 

magnetic response layer is a PDMS/FeCoNi magnetic response polymer composite 

film attached on the PET/Al/PDMS film. Herein, PDMS/FeCoNi composite can 

respond to the change of external magnetic field, which means that the motion of 

magnetic response layer can be remotely controlled by a magnet motion driven by an 

external force to trigger the contact and separation between contact materials. The 

PDMS film perform as one contact material and the microwires pattern on the 

surface of PDMS (Figure 3.1b) is beneficial to improve the device performance. The 

arched PET substrate serves as a supporting material to restore the device to the 

original separation state when the external force disappears. For the non-magnetic 

response layer, Al/Ni fabric was introduced and attached on the PET substrate as the 

paired triboelectric contact material and the electrode, simultaneously. The fabric’s 

3D morphology is demonstrated in SEM image of Figure 3.1c. It is found that the 

diameter of Ni fiber is around 14 μm with 50 nm sized nanoparticle on the surface. 

The surface morphology of Al/Ni fabric is supposed to improve the performance of 

magnetic-assisted noncontact TENG by increasing the effective contact area.  
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Figure 3.1 (a) Schematic illustration of the magnetic-assisted noncontact triboelectric 

nanogenerator. (b) SEM image of the PDMS film with microwires pattern of about 

1.5 µm wide. (c) SEM images of Ni/Al fabric. 

The triboelectricity generation mechanism of the magnetic-assisted noncontact 

TENG is demonstrated in Figure 3.2. Briefly, with the magnet’s motion driven by 

the external mechanical force, the magnetic response layer will response to the 

change of external magnetic field, causing the periodical contact and separate 

between the patterned PDMS layer and the Al/Ni fabric. This therefore leads to the 

generation of alternating-current (AC) power. Specifically, for the magnetic-assisted 

non-contact TENG, the two contact materials are separated at the original state. 

When the magnet derived by external mechanical motion approaches toward the 

device, the patterned PDMS film will fully contact with the Al/Ni fabric (Figure 3.2a) 

due to the magnetic absorption of magnet to the Fe-Co-Ni powder in magnetic 
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response layer. Herein, the triboelectric effect will result in the electrons transfer at 

the interface of contact layers due to the difference of triboelectric polarities. [44] 

This will create the negative triboelectric charges on the PDMS surface, and the 

corresponding positive triboelectric charges on the Al/Ni fabric surface. While when 

the magnet starts to get away from the device driven by external force, the attractive 

force of magnet to the magnetic response layer becomes gradually smaller. Therefore, 

the separation process between the PDMS and the Al/Ni fabric will happen due to 

the resilience of arc-sharped PET substrates. Accompanying with the electrostatic 

induction, this separation of the charged PDMS and Al/Ni fabric surfaces can 

generate the electric potential difference between the Al electrodes in magnetic 

response layer and the Al/Ni electrode in non-magnetic layer, which will drive 

electrons to flow through the external circuit and eventually create an instantaneous 

current (Figure 3.2b). The process will remain until the magnet is adequately 

removed and the contact layers are fully separated (Figure 3.2d), where the negative 

induced charges may stay on the surface of patterned PDMS film due to its 

insulation property. When the magnet is driven to move toward the TENG device 

again, the opposite potential difference between PDMS and Al/Ni fabric is created 

with their contact process as shown in Figure 3.2c. The electrons will flow back the 

Al electrode until the two contact materials are fully contacted (Figure 3.2a). 

Therefore, by repeating the above processes, the magnetic-assisted noncontact 
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TENG can continuously convert the mechanical energy into AC electricity for 

potential applications. 

 

Figure 3.2 Schematic working principle of device: (a) contacted state, (b) separating 

state, (c) contacting state, (d) separated state. 

3.4 Performance of the noncontact TENG 

3.4.1 Basic electrical output of the noncontact TENG 

To evaluate the basic performance of the as-prepared noncontact TENG, the 

device is driven by the motion of magnet fixed in liner motor. Figure 3.3a-3.3b 

shows the typical electrical output of device with the contact-separation frequency of 

6Hz between PDMS and Al/Ni fabric and the distance of 1 cm between device and 

external magnet under the humility of around 30%. The results show that the 

open-circuit voltage (Voc) and short-circuit current (Isc) generated by the device can 
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reach up to around 205 V and 30 μA, respectively. 

 

Figure 3.3 (a) and (b) Open-circuit voltages and short-circuit current of the prepared 

TENG driven by liner motion of magnet with a frequency of 6 Hz. 

After that, the electrical output of TENG, including voltage and current, under 

the different resistance of external load is shown in Figure 3.4a, where voltage 

increases with an increment of external resistance, while current shows an opposite 

variation trend. The peak output power of 3.0 mW is achieved at a load resistance of 

10 MΩ as shown in Figure 3.4b. Consequently, the as-prepared TENG can lighten 

20 white LEDs directly. 

 

Figure 3.4 (a) The dependence of output voltage and current of TENG on the load 
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resistance. (d) Dependence of the peak output power on the load resistance. Inset 

photograph shows that the device can lighten 20 white LEDs in series.  

As shown in Figure 3.5, we further investigated the dependence of open-circuit 

voltage and short-circuit current of the magnetic-assisted noncontact TENG on the 

contact-separation frequency between PDMS film and Al/Ni fabric. The results show 

that the Voc and Isc are obviously affected by the contact-separation frequency. At 

low frequency, the Voc changes apparently and increases with elevated frequency. 

At the frequency of 6 Hz, Voc reaches up to the highest value of about 206 V. 

Further increment of the contact-separation frequency between contact materials will 

lead to the obvious decrement of Voc down to 182 V at 8 Hz and 175 V at 10 Hz. 

The Isc presents a similar trend as shown in Figure 3.5b. At low contact-separation 

frequency, the Isc increases with the enhancement of frequency and achieves the 

maximum value of 30 μA at 6 Hz. Then, Isc decreases to around 25 μA at 10 Hz. 

Under the condition of low frequency, the arched PET supporting material has 

sufficient mechanical strength to separate the magnetic-response layer from the 

non-magnetic-response layer after magnetic force is released for fully recovery of 

device to original stage. Accompanying with the increment of frequency, an 

equilibrium of electrons flowing is reached in shorter time, and mechanical impact 

applying on the device is increased. Therefore, Isc increases from 8 μA to 30 μA. At 

high frequency, the decline of Voc and Isc might be attributed to the following two 

factors, (1) the weak mechanical strength or repulsive force of the arched PET film 
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and (2) the short response time for the device to recover to the original stage. These 

two factors will lead to that the magnetic response layer cannot be completely pulled 

back to the original state after per approach – departure cycle. This means that the 

gap distance between magnetic responsive and non-magnetic responsive layers 

might be smaller than the original gap of device at higher contact-separation 

frequency.  

 

Figure 3.5 Dependence of (a) open-circuit voltage and (b) short-circuit current on the 

contact-separation frequency. 

According to previous literatures, the electric potential (V) between Al electrode 

and Al/Ni electrode can be expressed by 

 

where δ and ε0 are triboelectric charge density and vacuum permittivity, respectively. 

And the d′ is the gap distance between magnetic-response and nonmagnetic-response 

layers. [27, 104] The open-circuit voltage reaches its maximum value when PDMS is 

fully separated with Al/Ni fabric and recovers to the original position. 

(3.1) 
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Correspondingly, the induced charge density (δ′) between PDMS and Al/Ni can be 

expressed by 

 

where εPDMS and dPDMS are relative permittivity of PDMS and thickness of PDMS 

film, respectively. [27, 55] Therefore, both parameter V and δ′ depend on the change 

of the gap distance d′ which affecting the redistribution of charge between Al 

electrode and Al/Ni fabric electrode. With the increment of magnet motion 

frequency from 6 Hz, the maximum gap distance between magnetic responsive and 

non-magnetic responsive layers in per cycle starts to decrease. Thus, the electric 

output of device presents the declined trend with the increased frequency. 

3.4.2 Simulation of electrical potential variation 

To further elucidate the effect of gap between PDMS film and Al/Ni fabric on 

the performance of TENG, COMSOL finite-element program was employed to 

simulate the electrical potential variation between PDMS film and Al/Ni fabric in 

this study. [223] As depicted in Figure 3.6a-3.6c, the calculated electric potential 

distribution in the device is obviously affected by the magnitude of separation gap 

between the two layers. Correspondingly, the electric potential difference between 

the Al/Ni fabric and PDMS film under the open-circuit condition decreases when 

reducing the gap separation as shown in Figure 3.6d. When the gap reduces from 4 

(3.2) 
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cm to 0.5 cm, the electric potential difference decreases by about 73.5 % from 3.11 

kV to 0.82 kV. The simulation result confirms that the parameter of separation gap 

between PDMS film and Al/Ni fabric plays an important role in the output 

performance of TENG and smaller gap may result in lower electrical potential 

difference. Under the condition of the high contact-separation frequency, the gap 

between PDMS film and Al/Ni fabric will decrease with the increased frequency of 

magnet motion due to the insufficient mechanical resilience of the arched PET 

supporting material as well as the short response time to recover the original state. 

Therefore, the electric output of noncontact TENG will decrease with frequency’s 

increment. 

 

Figure 3.6 (a)-(c) Finite-element simulation of the electric potential distribution of 

device under different separation gap (down: PDMS film, up: Al/Ni, triboelectric 



       THE HONG KONG POLYTECHNIC UNIVERSITY          Chapter 3 

XU Wei  60 

charge density ~17.5 μC/m2). (d) Simulated electric potential under different 

separation gap. 

3.5 Wind and blue energy harvesting application 

By integrating the magnetic-assisted noncontact TENG with the wind blade and 

water baffle as shown in Figure 3.7a, the integrated device enables the wind and blue 

energy harvesting. As shown in Figure 3.7b, the wind can drive the rotation of 

magnets in whole set-up, which directly leads to the contact-separation of contact 

materials in magnetic-assisted noncontact TENGs. Specifically, when magnet rotates 

towards the device, the magnetic response layer of TENG could be absorbed, leading 

to the contact between PDMS film with Al/Ni fabric. In contrast, when the magnet 

rotates away from the device, the separation of PDMS film and Al/Ni fabric occurs. 

This periodical contact-separation between two contact materials creates the 

electricity, and the wind or water flow energy therefore is harvested. It should be 

mentioned that this integrated set-up can transfer the random and complex wind 

motion into simple and regular contact-separation motion of device for stable electric 

output. Most importantly, attributed to the magnetic field mediation, our TENG’s 

operation can be remotely controlled. This avoid device’s direct contact with the 

external mechanical impacts that degrades the device and materials. The durability, 

robustness, and lifetime of device therefore are improved. 
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Figure 3.7 (a) Optical image and (b) schematic for the illustration of 

magnetic-assisted noncontact TENG in harvesting energy from wind and water flow 

(four devices arranged with perpendicular angle). 

Apparently, the wind speed will directly decide the movement speed of magnet 

fixed in wind blade and further affect the contact-separation frequency between 

magnetic response and non-magnetic response layers and the performance of TENG. 

Figure 3.8a illustrates the relation between wind speed and electric output of device. 

With the increase of wind speed, the contact-separation frequency increases, leading 

to the higher Isc and Voc. However, when further increasing the wind speed, the Isc 

and Voc show an opposing variation trend. As the previous discussion, it is 

understandable that the observation is attributed to the smaller gap between magnetic 

and non-magnetic response layer under higher contact-separation frequency.  

Similarly, the harvesting of blue energy could also be arrived based on the same 

operation principle. The aprons were utilized to block the water flow for driving the 

rotation of magnet, resulting in the contact-separation of contact materials and the 

electricity generation. The blue energy therefore could be harvested and converted 
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into electric energy. 

 

Figure 3.8 (a) Dependence of open-circuit voltage of single noncontact TENG on the 

wind speed. (b) Performance comparison of the encapsulated and the 

un-encapsulated noncontact TENGs. (c) Demonstration of 50 LEDs driven by wind 

and water flow. 

In practical applications, the TENG inevitably suffers from harsh environment, 

such as high humility region, which will greatly decrease the performance of TENG. 

Previous results revealed that the water molecules absorbed on the surface of friction 

materials can perform discharging effect and reduce the charge creation of TENG. 

As a solution, the encapsulation of TENG has emerged. Figure 3.8b compares the 

open-circuit voltage of un-encapsulated and encapsulated TENGs under different 

relative humility. For un-encapsulated TENG, the Voc decreases rapidly with the 
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enhanced relative humility. When the relative humility increases from 10% to 90%, 

the Voc significantly decreases from 300 V to about 112 V with 63% decline. In 

contrast, the encapsulated magnetic-assisted noncontact TENG shows a more stable 

performance to resist the change of relative humility, and the Voc maintains at 

around 300 V with only a slight variation. Therefore, the necessity of encapsulation 

is concluded for practical applications. More importantly, by introducing the 

magnetic response layer into the TENG to form magnetic-assisted noncontact TENG 

device, the performance stability of encapsulated TENG in harsh environment will 

remain for a longer time due to the separation of the device from external mechanical 

impacts. As shown in Figure 3.8c, when installing four encapsulated noncontact 

TENGs into the system, the electricity generated from wind or blue energy can 

lighten 50 white LEDs. 

3.6 Conclusion 

In conclusion, we have demonstrated a magnetic-assisted noncontact TENG to 

reduce the mechanical disruption of external force on the device. After introducing 

the magnetic response polymer composite into the TENG, the direct contact between 

device and external mechanical stimuli in traditional TENGs is avoided and replaced 

by the remotely interaction by means of the magnetic field mediation. This delays 

the device failure, and the noncontact device can continuously operate for 40000 
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cycles with ignorable performance degradation. By integrating four noncontact 

TENGs with wind/water blades, the wind and blue energy harvesting is realized, and 

the generated electricity can drive 50 commercial LEDs. The influence of 

contact-separation frequency, wind speed, and humidity on the output performances 

of device is systematically investigated. After encapsulating the noncontact TENG, 

the device shows an excellent output stability even in harsh working environment. 

The results show the magnetic-assisted noncontact TENG’s great potential for wind 

and blue energy harvesting as well as its future possibility as self-powered magnetic 

sensor. [65]
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Chapter 4   Self-healing TENG Based on 

Healable Polymers  

4.1 Introduction 

For harvesting ambient mechanical energy, TENGs must face constantly and 

long-termly mechanical impacts from both external mechanical inputs and internal 

friction between triboelectric materials in the device according to the working 

principle of TENGs. [52, 224, 225] These mechanical impacts will inevitably cause 

the material fracture and the device failure, leading to reduction of performance, 

degradation of function, loss of life-span, and even the serious safety hazards. [139, 

220, 226] Even though some attempts, such as the fabrication of noncontact TENG 

illustrated in chapter 3, have been conducted to reduce the effect of mechanical stimuli 

on devices and extend the life-span of TENGs, the TENG is still liable to be damaged 

compared with other mechanical harvesters. In this case, to develop a TENG with 

self-healing feature, which enables the restore of configuration and property’s 

integrity once the mechanical damage happens, is greatly desired and more 

realistically significant. [139, 227]  

The healable polymer, one kind of smart material allowing to repair fracture to 

the original state through external stimulus, such as temperature or light, [228-232] 

could be an ideal material choice to realize self-healing TENG. Given its unique 
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recoverability, the healable polymer has been considered in various functional devices 

with added self-healing property, such as battery, supercapacitor and electronic skin. 

[233-240] Compared with these attempted devices, TENGs require far more direct 

and frequent contact with mechanical stimuli as aforementioned. Therefore, it will be 

more significant and feasible to conceive healable polymers as the constituent material 

of TENGs. Unfortunately, very limited attempts have been made for realizing 

recoverability of TENGs using such a direct approach to achieve the self-healing 

TENG. [226, 241] Besides healable polymers, fully self-healing TENG requires 

healable electrodes as well for electric generation. At present, most electrodes utilized 

in self-healing devices are formed based on the connection of conductive fillers, such 

as Ni particle, carbon nanotube and Ag nanowire. [234-237, 242] Due to the lack of 

interaction among these conductive fillers themselves, the healing of the broken 

electrode can only be achieved by means of the simple contact of conductive fillers 

around fracture surfaces. This results in the limited healing capability of the electrode 

and the reduced reliability of the healed device. In this regard, developing healable 

electrodes with intrinsic healing property is highly recommended in addition to 

introducing the self-healable polymers into TENG. [233] 

Herein, we present two kinds of self-healing TENGs, including 

contact-separation mode [225] and single-electrode mode self-healing TENGs, which 

are fabricated by integrating intrinsic healable electrode consisting of small magnets 
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together with polyurethane-polydimethylsiloxane (PU-PDMS) based healable 

polymer and poly(1,4-butylene adipate) (PBA) based healable polymer, respectively. 

[225] When the damage of TENG is occurred, the mechanical property of two 

healable polymers and the conductive property of magnetic-assisted electrodes can be 

self-recovered by simply connecting the broken ends for heating treatment. As a result, 

an excellent self-healing capability of TENG is realized, and the output performance 

of the healed device can be restored to above 95 % of their original value after the 5th 

cutting-healing cycle. Taking advantages of the self-healing features, the device is 

shape-tailorable and object-adaptive to match with applied mechanical stimuli. This 

can maximize the effective contact area of device, and further improve the 

performance of device in energy harvesting and self-powered sensing of versatile 

mechanical motions. 

4.2 Contact-separation mode self-healing TENG 

(CH-TENG) 

4.2.1 Preparation of the healable PU-PDMS polymer 

Trifunctional Poly(propylene glycol) (PPG) (Mn = 6000) and 

Hydroxyl-terminated PDMS (Mn = 2000) were purchased from Dow chemical and 

Dow Corning, respectively. Isophorone diisocyanate (IPDI), dibutyltin dilaurate 

(DBTDL), bis(4-aminophenyl) disulfide (AFD) and tetrahydrofurane (THF) were 
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purchased from Aladdin-reagent Co., Shanghai. 25 g trifunctional PPG and 25g 

hydroxyl-terminated PDMS were firstly mixed in a 100 ml glass reactor for water 

removal at the condition of 120 ℃, vacuum and magnetic stirring. After cooling to 

70 ℃, 8.38 g IPDI and 0.3 ml catalysis of DBTDL were added to conduct the sealed 

reaction for 20 min. Then, the reaction was evolved at 95 ℃ for 4 hr to form the 

isocyanate terminated prepolymer. The final healable PU-PDMS layer for further 

measurement is obtained as the following steps: 10 g prepolymer was firstly dissolved 

in 5 mL THF. Then, 1 ml solution of AFD in THF (0.6 g/ml) was added and 

adequately mixed with prepolymer. The mixture was poured in a 

Polytetrafluoroethylene (PTFE) dish to allow the curing process to form the elastomer 

at 55 ℃ for 24 hr and then at 65 ℃ for 48 hr at vacuum oven.  

4.2.2 Healing property and mechanism of the PU-PDMS 

The healable polymer material is considered as the main constituent material for 

the device fabrication and plays an important role in achieving self-healing property 

of device. For evaluating the self-healing behavior of employed PU-PDMS, a sample 

with the dimension of 1 cm × 3 cm × 0.1 cm was employed and cut into two pieces 

using conventional blade or scissor. After making the two broken ends re-contact for 

treatment under 65 ℃ for 2 hr, the wound was successfully healed as demonstrated 

in Fig. 4.1a. The scar on the surface will disappear by successively covering a PTFE 
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film, a glass slide and a mass of 7 g on the surface of sample during the healing 

process as illustrated in Fig. 4.1b. As a result, the healed sample can be stretched 

again without breaking as shown in Fig. 4.1c. 

 

Figure 4.1 (a) The self-healing process of PDMS-PU: (i) Original. (ii) after cutting. (iii) 

after healing. (b) Optical microscope images of damaged sample (top) and healed 

sample (bottom). (c) Photographs of a healed sample before and after stretching 

In order to quantify the healing behavior of PDMS-PU, we measured and 

compared the stress-strain curves of samples at original and healed states under 

different healing conditions. As shown in Fig. 4.2a, the standard dumbbell-shaped 

original sample exhibits a tensile stress of 0.87 MPa and a tensile strain of 2745 % at 

breaking point. After healing the broken sample at 65 ℃ for 2 hr, the stress and 

strain of healed specimen can restore to about 0.85 MPa and 2680 %, respectively. 

The recovery percentage in strain, which is defined as the ratio of restored strain to 

the original strain, therefore is calculated as about 97 %. The recovery percentage 

will reduce with decreased healing time and healing temperature. Nevertheless, a 

recovery percentage of 57 % can still be arrived when the healing temperature is 
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room temperature (20 ℃), as shown in Fig. 4.2b.  

 

Figure 4.2 (a) Stress–strain curves of original and healed samples under different 

healing condition. (b) The strain recovery percentage of PU-PDMS film under 

different healing temperatures and times. 

It is believed that the self-healing ability of PU-PDMS mainly originates from 

the disulfide links existed in polymer structure (red rectangle of Fig. 4.3a). They can 

exert reversible exchange reaction at a moderate temperature, as depicted in Fig. 

4.3b, and further lead to the renewal of damaged polymer network. [229, 243-248] 

Besides, the multiple hydrogen bonds between the urea groups in polymer networks 

(blue rectangle in Fig. 4.3a) also benefit the self-healing behavior of PU-PDMS. 

These hydrogen bonds are reversible, either, and can help to bridge the breakage 

surface, as shown in Fig. 4.3c. [234, 235, 243, 244] On the basis of these reversible 

disulfide and hydrogen links, we schematically demonstrated the healing mechanism 

of PU-PDMS as shown in Fig. 4.3d. When the broken ends recontact with each other, 

the macromolecular chains start to move and diffuse. Meanwhile, these reversible 
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reactions mentioned above are conducted. Both of them will lead to the 

reconstruction of the polymer network around wound. As the result, the fracture 

surfaces are healed with the mechanical property recovery of as-prepared PU-PDMS 

film. Since both the mobility of molecular chain and the reversible exchange reaction 

of disulfide links are prone to occur at higher temperature, the recovery percentage 

increases with the enhanced healing temperature.  

 

 

Figure 4.3 Schematic illustration of (a) self-healing polymer structure, (b) reversible 

exchange reaction of disulfide links, (c) reversible hydrogen bond links, and (d) 

proposed healing mechanism of as-prepared PU-PDMS film. 
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4.2.3 Fabrication of the CH-TENG 

Based on the prepared PU-PDMS, herein, we develop a contact-separation 

mode self-healing TENG (CH-TENG). The top electrode of device was first 

prepared by arraying magnetic balls with diameter of 3 mm (Shenzhen Youci 

Industrial Co., Ltd., China) to form a flat. Then the prepolymer was poured on the 

top electrode for crosslinking with AFD to form a healable PDMS-PU film outside 

the top electrode. The PDMS-PU film will serve as one contact material. A pattern 

was formed on the surface of PDMS-PU film as the gap by curing prepolymer with 

template. The diameter of each circular hole gap in the pattern is 8 mm, and the 

thickness of the gap is about 1.5 mm. The bottom electrode is fabricated by arraying 

magnetic cubes with side length of 3 mm (Xinhongchang Magnetic Industrial Co., 

Ltd., China) to form a flat. It will also serve as the paired contact material. Both 

magnetic balls and cubes possess Ni coating. This means that the Ni and PU-PDMS 

are two paired contact materials in this device. The CH-TENG was achieved by 

assembling the top electrode encapsulated by PU-PDMS film and the bottom 

electrode attached on another PDMS-PU film as substrate. 

4.2.4 Structure and working principle of the CH-TENG 

The structure of a prototype of CH-TENG is illustrated in Fig. 4.4a and 4.4b. It is 

found that this device includes three parts, namely top electrode, insulating layer, and 
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bottom electrode. The top electrode consists of neodymium magnetic balls. Because 

of their strong magnetism, magnetic balls can firmly contact with each other, forming 

the flat-structural electrode for the device. The insulating layer is the healable 

PU-PDMS polymer film outside the top electrode. There is a pattern on the 

undersurface as a gap, as shown in Fig. 4.4b. The bottom electrode is fabricated by 

magnetic cubes with nickel (Ni) plating on the surface and attached on the surface of a 

healable polymer substrate, as shown in Fig. 4.4b. The bottom electrode plays dual 

roles of both triboelectric contact material and electrode in the CH-TENG. For this 

prototype, the top electrode consisting of magnetic balls is partly flexible and 

deformable. While the introduction of magnetic cubes in the bottom electrode benefits 

the form of the gap for the generation of electricity. 

 

Figure 4.4 (a) Schematic of the CH-TENG. (b) Optical image of the structure of the 

bottom electrode (left) and the top electrode with patterned insulating layer (right). 

The operation principle of CH-TENG is schematically illustrated in Fig. 4.5. 

After applying a mechanical force, the insulating layer and the bottom electrode in 

CH-TENG are adequately contacted (Fig. 4.5a). Since the PU-PDMS has a higher 
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surface electron affinity than Ni plating of bottom electrode, electrons will 

redistribute at the interface, generating negative charges on the insulating layer 

surface and opposite charges on the bottom electrode surface. Once the charged 

surfaces start to be separated by gradually releasing the external force (Fig. 4.5b), the 

electric potential difference will be created between the top and bottom electrodes 

accompanying with the electrostatic induction. Correspondingly, electrons start to 

flow through the external circuit from the top electrode to the bottom one until the 

external force is fully released (Fig. 4.5d). When the mechanical force is applied 

again (Fig. 4.5c), the opposite electric potential difference as well as electrons 

flowing are caused. Therefore, the electricity can be generated by the repetitive 

contact-separation between insulating layer and bottom electrode. 

 

Figure 4.5 (a)-(d) Schematic illustration of operation principle of CH-TENG. (a) 

Contact state (b) Separating state. (c) Contacting state. (d) Separation state. 
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4.2.5 Performance of the CH-TENG 

(1) Electric output of the CH-TENG 

Based on a prototype of CH-TENG with the size of 4 cm × 6 cm, we measured 

its electric output performance as shown in Fig. 4.6a and 4.6b. The results show that 

the open-circuit voltage (Voc) and the short-circuit current (Isc) of CH-TENG are 

about 20 V and 1.9 μA, respectively. 

 

Figure 4.6 (a) Open-circuit voltages and (b) short-circuit current of the standard 

CH-TENG. The applied force on the device is measured to be about 6.2 N. 

Fig. 4.7 illustrates the electric output of device under different 

contact-separation frequency. The results show that the variation of Voc and Isc is 

slight when change the contact-separation frequency from 0.3 Hz to 1 Hz. Despite all 

this, the electric output in 1 Hz is slightly smaller than that in 0.3 Hz. This may be 

caused by the slow rebound property of the employed PU-PDMS healable polymer. 

On the one hand, attributed to the introduction of dynamic disulfide bonds as 

crosslinking points instead of the regular covalent bonds, the 3D crosslinking 
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network in polymer structure prefers to provide a relative weak resilience force. On 

the other hand, the crosslinking density of the PU-PDMS polymer is relative low. 

These factors lead to that the PU-PDMS polymer will need more time to recover to 

the original state. Therefore, the separation gap distance between top and bottom 

contact layer will become smaller with the increased frequency. As a result, the 

electric output shows slight decline according to the equation 3.1 and 3.2. 

 

Figure 4.7 (a) Open-circuit voltage and (b) short-circuit current of the as-prepared 

CH-TENG under different contact-separation frequency. 
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As shown in Fig. 4.8, we further investigated the dependence of open-circuit 

voltage and short-circuit current of CH-TENG on the external force applied on the 

device under the frequency of about 0.6 Hz. It is easy to understand that the device’s 

electric output will increase with the increment of applied mechanical force due to 

the increased contact area. In the following test, the applied force of 6.2 N will be 

chosen for performance comparison of device. 

 

Figure 4.8 Electric performance of device under different applied force. 

 

Figure 4.9 (a) Output voltage and current versus the load resistance. (b) Output 

power density versus the load resistance. 
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Additionally, we also measured the resistance dependence of the output voltage 

and current as illustrated in Fig. 4.9a. It is reasonable that the voltage increases but 

the current decreases when enhancing the loading resistance. The peak instantaneous 

electric power density is calculated as about 6 mW/m2 at a load resistance of 10 MΩ, 

as shown in Fig. 4.9b. 

(2) Healability of the CH-TENG 

(Ⅰ) Healability in mechanical property of device 

As the insulating layer and the substrate of the self-healing device, the 

healability of the employed healable PU-PDMS polymer has been tested as 

aforementioned. However, for the whole CH-TENG, its mechanical property 

originates from the joint contribution of healable polymer and magnetic electrodes. 

Therefore, we prepared a healable polymer sample with top electrode (magnetic balls) 

inside as prototype for evaluating mechanical healability of device by strain-stress 

test. It is found that both the tensile stress and strain at breaking point obviously 

decrease compared with that of pure healable polymer, as shown in Fig. 4.10a. This 

may be attributed to the defects and stress weak spots in this sample originated from 

the introduction of magnetic balls. Even though the decrease in mechanical property 

is observed after encapsulating the magnetic balls into the polymer, the recovery 

percentage of the sample at 65 ℃ still remains at 90 %. The healed device could 

support 150 g mass without break as shown in Fig. 4.10b, indicating the mechanical 
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self-healing property of as-prepared TENG. 

 

Figure 4.10 (a) Stress–strain curves of the sample containing magnetic balls inside 

before damage and after healing at 65 ℃. The size of the cross section of sample is 

about 3.4 mm × 4 mm. (b) Optical image of a healed device supporting a 150g mass. 

(Ⅱ) Healability in electrodes’ conductivity of device 

Besides healability of device in the mechanical property, the conductivity 

healing of electrode is also very important for CH-TENG, which will directly affect 

the output performance of healed device. The healing process of electrodes 

conductivity can be firstly monitored by means of a commercial light emitting diode 

(LED) bulb connected with the electrode. As shown in Fig. 4.11a, when the top 

electrode was connected serially with a white LED and a movable power source, the 

bulb was lit up at an input voltage of 2.5 V (i). After the electrode was cut into two 

parts, the lighted LED bulb was extinguished because an open circuit state was 

formed at this stage (ii). Once the bifurcated electrodes were brought into contact, 
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the LED would light up again immediately, indicating the conductivity healability of 

the utilized electrodes (iii). Similarly, the conductivity healing process of bottom 

electrode is displayed in Fig. 4.11b.  

 

Figure 4.11 Optical images of the conductivity healing process of (a) the top 

electrode and (b) the bottom electrode connected with a tandem circuit containing a 

LED bulb and a power source: (i) The original, (ii) after cutting, (iii) after healing. 

Furthermore, we tested and compared the current-voltage (I-V) curves of 

electrodes before damage and after healing to quantify the conductivity healing 

capability of electrodes. As shown in Fig. 4.12a and 4.12b, the initial top and bottom 

electrodes residences are measured as about 6.2 Ω and about 8 Ω, respectively. After 

a broken-healing cycle, the I-V curves for both top electrode and bottom electrode 

almost remain identical with only slight resistance change. This indicates their 

excellent conductivity recoverability, which may be attributed to the unique design 

of electrode structure. In CH-TENG, the electrode is formed by the oriented 
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arrangement of magnetic balls or cubes. When damaged electrodes were brought into 

contact, the magnetic balls or cubes can be immediately reconnected due to the 

magnetic attraction, leading to the recovery in conductivity. Compared with most 

reported healable electrodes which usually need external pressure and time for 

healing, [234-238] the utilized magnetic-assisted electrodes enable this device to 

realize the instant recovery in conductivity, which benefits the output performance 

healing of device. [233] 

 

Figure 4.12 (a) I-V curve of electrodes before damage and after healing. (b) 

Resistance change of top and bottom electrodes after different breakage-healing 

cycles. 

(Ⅲ) Healability in electric output of device  

Attributed to both the mechanical healing and the conductivity healing of 

prepared CH-TENG originated from the healable polymer and the magnetic-assisted 

electrodes, the whole device shows self-healing capability in electric output 

performance to restore its operation after damage. Fig. 4.13a and 4.13b illustrate the 
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change of two primary parameters for evaluating TENG performance, including Isc 

and Voc, during the self-healing process of device. The results show that Voc of 21.5 

V and Isc of 2 μA can be firstly generated by the original device. After the TENG is 

disconnected into two fragments, the Voc and Isc decrease to about 11 V and 1 μA, 

respectively. Once the broken ends are connected for healing, the Voc and Isc restore 

to about 21 V and 1.95 μA, respectively, which is similar to the initial performance 

and leads to a high healing efficiency of above 95 %. Such an obvious change in 

electric output during the damage-healing process may be considered as the result of 

the variation of device’s effective contact area before and after connection. 

According to earlier reports, [57] the transferred charge in TENGs under short circuit 

condition is approximately characterized by 

 

where S is the effective contact area between triboelectric layers, σ is the average 

surface charge density of contact materials, x is the separation distance between the 

two triboelectric layers which varies under the agitation of mechanical force. d0 is the 

effective thickness constant.  

(4.1) 
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Figure 4.13 Self-healing process in output performance of CH-TENG: (a) 

short-circuit current and (b) open-circuit voltage of the as-prepared TENG at original, 

broken, and healed state. 

When the device is mechanically split, only the fragment connected with 

external circuit contributes to the generation of electricity, which means the 

decrement of S. Therefore, both Voc and Isc diminish with the reduced S and Qsc. 

After the broken ends are reconnected, both mechanical and electric property of 

device were recovered, thereby leading to the recovery in S and output performance 

of device. To further evaluate the repeatability of healing process, we measured the 

electric output of TENG after 5 cutting-healing cycles. The results show that the 
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healed device can still effectively work with negligible decrease in the performance, 

indicating the great recoverability of self-healing TENG for better harvesting and 

converting mechanical energy. As a mechanical energy harvester, TENGs have to be 

long-termly and constantly operated under massive mechanical impacts, which 

causes the device breakdown and performance degradation. In this regard, the 

presented self-healing TENG possesses distinct advantage for practical operation. 

(3) Shape-tailorability of the CH-TENG 

In the realistic operation environment, TENGs usually sustain complex 

mechanical stimuli with different shapes, which proposes challenge to regular 

TENGs with fixed shape and dimension. In contrast, another obvious advantage of 

the self-healing TENG over regular TENGs is its shape-tailorability originated from 

the healing capability. This means that the shape of self-healing device can be 

re-shaped or re-designed according to the variation of applied mechanical stimuli, 

offering an alternative solution to overcome the above problems. As an example of 

demonstration, Fig. 4.14a shows a re-shaping process of self-healing TENG from 

square shape to strip shape. The device (i) was firstly disconnected in the middle to 

form two fragments with similar shape (ii). After slightly peeling the bottom side of 

fragments, the two bottom sides were contacted (iii) and finally form a strip-shaped 

device (iv) by healing. Taking advantage of the self-healing capability of device, the 

re-shaped device can operate successfully to convert mechanical energy into 
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electricity. Most importantly, the shape-tailorability of device offers a facile strategy 

to realize shape match between device and mechanical stimuli, which maximizes the 

effective contact area of device and further increases the energy harvesting efficiency 

of device. Fig. 4.14b shows the Isc generated by original square-shaped TENG (4.5 

cm × 4 cm) and re-shaped strip-shaped TENG (9 cm × 2 cm) under the action of 

different mechanical stimuli with two shapes, including square and strip shape. It is 

observed that the Isc of 0.5 μA can be achieved when the mechanical force is applied 

on the original device by a square-shaped active surface with the dimension of 4.5 

cm × 4 cm. Once the shape of mechanical stimuli becomes strip shape, the Isc 

decreases to 0.25 μA even though both the applied impact and the device dimension 

remain unchanged. The decrement of Isc may result from the reduced active area of 

mechanical force (4.5 cm × 2 cm) caused by the unmatched shape between the 

strip-shaped mechanical stimuli and square-shaped device at this state. By re-shaping 

the TENG into strip shape, the device can match well with the mechanical stimuli, 

leading to a larger effective contact area of about 9 cm × 2 cm and the increased Isc 

of 0.45 μA.  



       THE HONG KONG POLYTECHNIC UNIVERSITY         Chapter 4 

XU Wei  86 

 

Figure 4.14 (a) Optical images of re-shaping process of self-healing TENG from 

square shape to strip shape. (i) original device, (ii) after cutting, (iii) assembling 

fragments, (iv) re-shaped device. (b) The change in ISC of devices generated under 

different shape match between devices and mechanical stimuli. 

4.2.6  Energy harvesting application  

Given the shape-tailorability, the self-healing TENG shows the potential to 

adapt complex mechanical stimuli when serving as energy harvester and 

self-powered sensor of various motions. Fig. 4.15b shows the Voc generated by 

energy harvesting from running motion based on a square-shaped self-healing device 

with dimension of 7.2 cm × 6.9 cm. After re-shaping the device into the hand shape 

(Fig. 4.15a), the re-shaped device can adapt to the motion of hand and successfully 

harvest mechanical energy from hand flap as shown in Fig. 4.15c. This result 

indicates the promising potential of as-prepared CH-TENG for further application.  
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Figure 4.15 (a) The re-shaping process of self-healing TENG from original square 

shape to hand shape. (b) Voc of original square-shape TENG generated by harvesting 

energy from foot motion. (c) Voc of re-shaped hand-shape TENG generated by 

harvesting energy from hand flap. 

4.3 Single-electrode mode self-healing TENG 

(SH-TENG)  

Besides the contact-separation mode, we also fabricated a single-electrode 

mode self-healing TENG (SH-TENG) using the PBA-based healable polymer with 

improved mechanical strength as the contact material. 
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4.3.1 Preparation of the PBA-based healable polymer 

Poly (1,4-butylene adipate) (PBA) (Mn = 2000) was purchased from Jining 

Huakai resin company. Isophorone diisocyanate (IPDI), dibutyltin dilaurate (DBTDL) 

and Triethanolamine (TEA) were purchased from Aladdin-reagent Co., Shanghai. 

Bis(4-aminophenyl) disulfide (AFD) and tetrahydrofurane (THF) were purchased 

from J&K Chemical. 15 g PBA firstly was heated in a 50 ml glass reactor with 

magnetic stirring at 120 ℃ for 2 hrs. Vacuum condition is required for water removal. 

After cooling the system to 80 ℃, 3.5 g IPDI and 0.1 ml catalysis of DBTDL were 

added in sequence to conduct the sealed reaction for 50 min at the stirring rate of 120 

r/min. Then, the reaction temperature was improved to 95 ℃ and the reaction was 

remained for 4 hrs to form the isocyanate terminated prepolymer. Then, 10 g 

resulting prepolymer was mixed with TEA (the mole ratio of prepolymer to TEA is 

about 4.22:1), and the reaction is conducted at 70 ℃ for 2 hr. After adding 1 ml 

solution of AFD in THF (0.6 g/ml) in system for adequate stir. The mixture was 

poured in a Polytetrafluoroethylene (PTFE) dish for curing at 50 ℃ in vacuum oven 

for 1.5 hrs and at 65℃ in regular oven for 12 hrs. The formed polymer film was 

gradually heated from 65 to 120 ℃ for 12 hrs under vacuum for removing resident 

solvent. At last, the healable polymer elastomer was obtained, and it was stored at 

room temperature for 24 hrs for further measurement. The structure of sample was 

characterized by FTIR as shown in Fig. 4.16. 
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Figure 4.16 The infrared spectroscopy of prepared healable polymer. 

4.3.2 Healing property of the PBA-based healable polymer 

The mechanical and healing property of PBA-based healable polymer was 

measured by stress-strain curves of the specimen. As shown in Fig. 4.17a, the 

original specimen exhibits a tensile strength of about 10.5 MPa and an elongation of 

about 900 % at breaking point. After healing the broken specimen at 90 ℃ for 2 hr, 

the recovery percentage in strain can reach up to above 95 % at this stage, indicating 

the great healability of prepared healable polymer. This self-healing ability mainly 

comes from the dynamic disulfide bonds in macromolecular chains as 

aforementioned in Fig. 4.3. Even though the healability of materials will decrease 

with the shortened healing time as shown in Fig. 4.17b, the recovery percentage of 

above 65 % still could be arrived when the healing time is reduced to only 5 min. 

Besides, with the decrement of healing temperature, the recovery percentage shows 
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the similar variation trend as shown in Fig. 4.17c. That is because the lower 

temperature weakens the ability of molecular movement and diffusion, which limits 

the disulfide exchange reaction as well as the healing of polymer.  

 

Figure 4.17 (a) The strain-stress curve of original, broken and healed sample. (b) and 

(c) The recovery percentage of PBA-based polymer at different healing time (heal 

temperature is 90 ℃) and healing temperature (healing time is 2 hrs). 

It is also found that the tensile strength of PBA-based healable polymer is much 

higher than that of the PU-PDMS healable polymer prepared before (0.87 MPa) as 

shown in Fig. 4.17a and Fig 4.2a. This may be attributed to the formation of crystal 

structure in PBA-based healable polymer, which improves the mechanical property 

of materials. To provide further proof, we measured the XRD pattern of PBA-based 
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healable polymer as shown in Fig. 4.18a. The results reveal the crystallization peak 

in healable polymer, which originates from the PBA segment in molecular chains. 

Besides, the crystallization is also considered as the reason of the sharp decline in 

recovery percentage when healing temperature is decreased to 50 ℃. According to 

the result of DSC measurement as shown in Fig. 4.18b, the melting temperature 

interval of polymer is from 45 to 55 ℃. This means that the molecular chain’s 

movement is still prohibited by crystallites around 50 ℃. The recovery percentage 

therefore obviously decreases to below 5% as shown in Fig. 4.17c.  

 

Figure 4.18 (a) The XRD of PBA and PBA-based healable polymer after heating and 

cooling. (b) DSC curve of the PBA and PBA-based healable polymer. 

4.3.3  Fabrication and working principle of the SH-TENG 

Similarly to the fabrication of contact-separation self-healing TENG 

(CH-TENG), the electrode of single-electrode mode self-healing TENG (SH-TENG) 

was also prepared by arraying the small magnetic balls with diameter of 3mm. Then 
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the mixture of prepolymer and AFD was coated and poured on the magnetic 

electrode to form a PBA-based healable polymer film encapsulating the electrode 

inside. A Nickel ribbon was connected with the magnetic electrode for the 

convenience of measurement. The SH-TENG therefore is achieved as shown in Fig. 

4.19. 

 

Figure 4.19 (a) Structure and (b) optical image of single-electrode mode self-healing 

TENG. 

Fig. 4.20 schematically illustrates the working mechanism of the SH-TENG. 

The PBA-based healable polymer serves as the contact materials of the device. 

When a movable object contacts with the healable polymer, electron transfer occurs 

at the contact interface to make the two contact materials charged (Fig. 4.20a). When 

the movable object moves away from the device, the two oppositely charged 

surfaces are separated. This creates a potential difference between the magnetic 

electrode and the ground accompanying with the electrostatic induction between 

polymer and magnetic electrode. Correspondingly, transient electron flowing 

between the electrode and the ground is driven (Fig. 4.20b). This process remains 

until the electrostatic equilibrium is achieved (Fig. 4.20d). When the movable object 
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approaches to the healable polymer surface again, the opposite electric potential is 

created, resulting in electron flow in the opposite direction (Fig. 4.20c). Thus, 

triboelectricity is generated by repeating above procedure under the mechanical force. 

It should be mentioned that, technically, any materials located at different position 

with the healable polymer in triboelectric series could be the paired contact materials. 

In Fig. 4.20, we choose a paired material with lower surface electron affinity than the 

polymer as an example to illustrate the working principle. 

 

Figure 4.20 (a)-(d) Schematic illustration of operation principle of single-electrode 

self-healing TENG. (a) Contact state (b) Separating state. (c) Contacting state. (d) 

Separation state. 

4.3.4 Performance of the SH-TENG 

(1) Electric output of the SH-TENG 

One SH-TENG with the size of 3.6 cm × 5.4 cm was fabricated and further 

measured for characterizing the output performance of the device. When a PTFE 



       THE HONG KONG POLYTECHNIC UNIVERSITY         Chapter 4 

XU Wei  94 

film is chosen as the movable contact material, the open-circuit voltage (Voc) and the 

short-circuit current (Isc) of SH-TENG are about 20 V and 0.4 μA, respectively, as 

shown in Fig. 4.21a and 4.21b. The change of output voltage and current under 

different external resistance is illustrated in Fig. 4.21c. The increase of voltage and 

the decrease of current with the increment of resistance are observed. Consequently, 

the maximum electric power density is calculated as about 2 mW/m2 at a load 

resistance of 50 MΩ as shown in Fig. 4.21d. 

 

Figure 4.21 (a) Open-circuit voltage and (b) short-circuit current of the 

single-electrode mode self-healing TENG. (c) Output voltage and current versus the 

load resistance. (d) Output power density versus the load resistance. 

Fig. 4.22a illustrates the effect of contact-separation frequency on the electric 

output of device. The results show that the Voc obviously increases when enhancing 
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the contact-separation frequency from 1 Hz to 6 Hz. This may be caused by the 

increment of mechanical impact applying on the device under high frequency, which 

will lead to a higher electric output. Besides, the electric output of device generated 

by different movable contact materials is illustrated in Fig. 4.22b. It is found that the 

maximum electric output of about 20 V is achieved when the PTFE serves as the 

paired contact material. That is attributed to the higher electron affinity of PTFE 

compared with other contact materials. 

 

Figure 4.22 Open-circuit voltage of the device under different (a) contact frequency 

and (b) contact material (4 Hz). 

(2) Healability in electric output of the SH-TENG 

Fig. 4.23a-4.23c illustrate the self-healing ability of the device in output 

performance once mechanical damage is occurred. It is found that Voc of 20 V and 

Isc of 0.4 μA can be firstly generated by the original device. When the TENG is cut 

into two fragments, only the fragment connecting external circuit contributes to the 

output. Therefore, the Voc and Isc obviously diminish to only about 1.5 V and 30 nA, 
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respectively. After the broken ends are reconnected and treated at certain temperature, 

both the mechanical property of healable polymer and the conductive property of 

electrode can be recovered as illustrated before. This leads to that the Voc and Isc 

almost fully restore to the original value with the healing efficiency of above 95 % 

after 5 breaking-healing cycles, which is similar to the healing results of the 

CH-TENG.  

 

Figure 4.23 Self-healing process in (a) short-circuit current and (b) open-circuit 

voltage of SH-TENG after 5 cycles. (c) Optical images of the self-healing process. 

4.4 Conclusions  

In summary, two types of self-healing TENGs, including contact-separation 

mode and single-electrode mode TENGs, have been fabricated by integrating 

magnetic healable electrodes with PU-PDMS-based healable polymer and 

PBA-based healable polymer, respectively. After breakage, the mechanical property 

of healable polymer and the conductive property of magnetic electrodes can be well 

restored. Correspondingly, both the prepared self-healing TENGs exhibit an 
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excellent self-healing performance, and the Voc and Isc of healed device can reach 

up to above 95 % of their original value even after the 5th damage-healing cycle. 

Additionally, the contact-separation mode self-healing TENG is shape-tailorable and 

object-adaptive to benefit the efficient and versatile mechanical energy harvesting or 

mechanical stimuli sensing. This study provides the feasibility of developing 

self-powered energy devices with improved lifespan, robustness and adaption. 
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Chapter 5   Environmental-Friendly TENG 

Based on Hydrogel 

5.1 Introduction  

During the operation process of triboelectric nanogenerator (TENG) for utilizing 

mechanical energy, direct and frequent mechanical impacts will be applied on the 

device, [31, 46, 119, 221] which accelerates the device damage and shorten the 

life-span of device. With the vast applications of TENGs, to discard these damaged 

TENGs will inevitably generate massive electronic waste and cause environment 

issues due to the non-degradability of employed materials. [249-251] Besides, the 

shortcoming of the current constituent materials in biocompatibility will leave healthy 

risk for the further application of TENGs in wearable electronics which directly 

contact human body. [252-255] As a solution, developing novel TENG with high 

environmental friendliness, nontoxicity, and flexibility, simultaneously, is significant 

and desired for meeting practical requirement and deserves more attempts. [256-260]  

Hydrogel, a well-known environmental-friendly material, [261-264] could be an 

ideal candidate to realize environmental-friendly, safe and flexible TENGs. Its 3D 

crosslinking network structure leads to excellent mechanical properties, including 

high elasticity and deformation. [262, 263, 265, 266] In addition, the hydrogel also 

possesses great environmental friendliness, such as biodegradability, biocompatibility 
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and nontoxicity. [261, 263, 267] These advantages enable the hydrogel to be 

extensively used in flexible and green electronics. [266-268] Although some attempts 

have been made in developing hydrogel-based electronics for energy field 

applications, [269-272] there are few report on integrating hydrogel into TENGs.  

Herein, we illustrated a triboelectric nanogenerator based on Polyvinyl Alcohol 

(PVA) hydrogel (Hydrogel-TENG) with environmental friendliness and full flexibility. 

[273] For the standard Hydrogel-TENG, an instantaneous peak output power of 2 mW 

can be achieved. The corresponding tube-shaped Hydrogel-TENG can harvest 

mechanical energy from various human motions, including bending, twisting and 

stretching, and further performs as self-powered human motion sensor. In addition, the 

utilized PVA hydrogel is also recyclable, which endows the Hydrogel-TENG with 

additional environmental friendliness and low-cost. 

5.2 Standard Hydrogel-TENG 

5.2.1 Fabrication of the standard Hydrogel-TENG 

(1) Fabrication of the top contact layer:  

The PVA 1799 (Aladdin-reagent Co., Shanghai) was firstly dissolved in DI water of 

90 °C for 12 hrs to achieve an aqueous solution with different concentration. Then, 

the PVA aqueous solution was poured into a hemispheric PMMA vessel under 80 ℃. 

Meanwhile, a circular nickle (Ni) fabric was inserted into the PVA aqueous solution as 
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electrode. The whole set was frozen at the temperature of − 20 ℃ for 3.5 to 7.5 hrs 

and thawed consequently for 2 hrs at room temperature to form the 

hemisphere-structured PVA hydrogel. After that, the hydrogel was encapsulated by 

PDMS film fabricated by curing the mixture of PDMS and crosslinker (Sylgard 184, 

Dow Corning) at 80 °C for 3 hr. The ratio of PDMS to crosslinker is about 30:1. The 

top contact layer therefore was achieved. 

(2) Fabrication of the bottom contact layer:  

The aluminium foil with the nanoporous structure was firstly fabricated as following 

steps: An Al foil as anode was put into 3 % oxalic acid electrolyte for anodization of 5 

hrs. A platinum plate was selected as the cathode and the bias voltage is 30 V. Then, 

the treated Al layer was etched in a chromic acid solution (20 g L−1) for 2 hrs at 60 °C 

to obtain the nanopatterned Al foil. Finally, the obtained Al foil was attached on the 

surface of PVA substrate with high concentration (8 cm × 8 cm) as the bottom contact 

layer.  

(3) The standard Hydrogel-TENG thus was formed by assembling the top contact 

layer and the bottom contact layer.  

5.2.2 Structure and working principle of standard 

Hydrogel-TENG 

As illustrated in Figure 5.1a, the as-prepared Hydrogel-TENG includes two 

parts: the hemispheric top contact layer and the flat structural bottom contact layer. 
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Among them, the top contact layer is a hemisphere-shaped PVA hydrogel with a Ni 

fabric electrode inside and a PDMS thin film outside. Attributed to the elasticity of 

both hydrogel and PDMS film, the top contact layer will show great flexibility and 

expansibility. On the other hand, the bottom contact layer is an Al foil attached on 

the surface of PVA substrate, which therefore possesses the flexibility, either. The Al 

foil performs as triboelectric contact material and electrode, simultaneously, and its 

morphology with nanostructures is demonstrated in Figure 5.1b. This surface 

morphology is supposed to enhance the performance of TENGs by increasing the 

effective contact area as mentioned in literatures. [92] 

 

Figure 5.1 (a) and (b) Schematic and optical image of the structure of standard 

Hydrogel-TENG. (c) SEM image of the used Al foil. 

The operation mechanism of the Hydrogel-based TENG for electricity 

generation could be illustrated in Figure 5.2. When an external pressure force is 
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applied to the Hydrogel-TENG, the PDMS film and Al foil will adequately contact 

due to the elastic expansion of the PVA hydrogel and PDMS film (Figure 5.2a), 

forming the maximum contact area. Given the higher surface electron affinity of 

PDMS than Al, [56] electrons transfer will happen at the interface of Al and PDMS, 

generating positive triboelectric charges on the Al surface and equal negative charges 

on the PDMS surface. When the external force starts to be released (Figure 5.2b), 

PDMS film and Al electrode will be gradually separated by means of the elastic 

contraction of top contact layer. Accompanying with the electrostatic induction effect 

between PDMS layer and Ni electrode, the separation of charged surfaces causes the 

electric potential difference between Ni electrode and Al foil. Electrons therefore 

start to flow from the Ni electrode to the Al electrode until the pressure force is 

totally released (Figure 5.2d). Once the Hydrogel-TENG starts to be compressed 

again (Figure 5.2c), an opposite electric potential difference is created. 

Correspondingly, electrons will flow in an opposite direction until the maximum 

contact area is reached again (Figure 5.2a). Therefore, the AC electricity will be 

generated by this kind of periodical contact-separation between PDMS and Al 

triggered by external mechanical stimuli, and the generated electric output amplitude 

mainly depends on the change in contact area (ΔA). 
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Figure 5.2 Schematic illustration of working mechanism of Hydrogel-TENG. (a) 

Expanded state. (b) Releasing state. (c) Expanding state. (d) Released state. 

 

5.2.3 Performance of the standard Hydrogel-TENG 

 (1) Electric output of the standard Hydrogel-TENG 

The electric output performance of a standard Hydrogel-TENG is measured as 

shown in Figure 5.3. Herein, the diameter of hemisphere top contact layer is 4 cm and 

the size of bottom contact layer is 8 cm × 8 cm. The utilized PVA hydrogel is 

prepared at the frozen time of 5.5 hrs and the PVA aqueous solution concentration of 

25 %.  
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Figure 5.3 (a) Open-circuit voltages, (b) short-circuit current and (c) short-circuit 

transfer charge of the standard Hydrogel-TENG under a frequency of 2 Hz.  

As shown in Figure 5.3a and 5.3b, the open-circuit voltage (Voc) and 

short-circuit current (Isc) of standard device could reach to about 200 V and 22.5 μA, 

respectively. Correspondingly, the short-circuit transfer charge (Qsc) of the standard 

Hydrogel-TENG was calculated as 0.255 μC, as shown in Figure 5.3c.  

Figure 5.4a illustrates the resistance dependence of the output voltage and 

current. It is found that the voltage becomes higher with the increased load resistance, 

while the current changes in a reverse trend. Correspondingly, the output electric 

power under different resistance has been calculated for further evaluating the 

electric performance of the device as shown in Figure 5.4b. The maximum electric 

power of about 2 mW is obtained at a load resistance of around 10 MΩ. and 20 
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commercial white LEDs could simultaneously be lit up by the as-prepared standard 

TENG as displayed in Figure 5.4c. 

 

Figure 5.4 (a) Output voltage and current versus the load resistance. (b) Output 

power versus the load resistance. (c) The optical image of 20 LEDs powered by the 

standard Hydrogel-TENG. 

 (2) Electric output under various device parameters 

As aforementioned, the triboelectricity’s generation originates from the contact 

area’s change between PDMS and Al foil (ΔA). Herein, ΔA is caused by the elastic 

deformation of the hydrogel under the external mechanical stimuli. In this regard, the 

bulk elasticity of hydrogel will obviously affect the electric performance of the 

Hydrogel-TENG. In this case, there are two parameters that can affect the PVA 

hydrogel’s elasticity, namely frozen time and concentration of PVA aqueous solution. 

Figure 5.5 shows the relationship between the frozen time and the output performance 
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(Voc, Isc and Qsc) of Hydrogel-TENG. The results reveal that the maximum Voc of 

200 V, the maximum Isc of 22.5 μA and the maximum Qsc of 0.255 μC are achieved 

at the frozen time of 5.5 hrs. Further elongating or shortening the frozen time will lead 

to the reduction of Voc, Isc and Qsc. This is attributed to the elasticity difference of 

hydrogel at different frozen time during their fabrication process. Herein, the 

elasticity of utilized hydrogel mainly originates from the formation of 

micro-crystallites among PVA molecular chains. These micro-crystallites serve as 

physical crosslinking points and provide the hydrogel with 3D network structure as 

well as the tunable elasticity. [274-276] When extending the frozen time from 5.5 hrs, 

both the size and amount of micro-crystallites increase. Correspondingly, the 

expansibility of hydrogel decreases, leading to the reduced ΔA. Therefore, Voc, Isc 

and Qsc decrease to about 165 V, 18 μA and 0.2 μC, respectively, at the frozen time 

of 7.5 hrs. However, when the frozen time is less than 5.5 hrs, the amounts of 

micro-crystallites formed in PVA hydrogel will be limited, causing relative low 

crosslinking density in 3D crosslinking network. As a result, the hydrogel will not be 

capable of providing sufficient resilience force for completely separating the charged 

contact surfaces when the external force is released. Accordingly, the electric output 

is reduced.  
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Figure 5.5 (a) The open-circuit voltage of standard Hydrogel-TENG at different 

frozen time. (b) The frozen time versus the electric output. (c) The frozen time 

versus the short-circuit transfer charge. 

Figure 5.6 presents the performance of Hydrogel-TENG when it is fabricated by 

PVA aqueous solution with different concentration. The results show that 

accompanying with the concentration change of PVA aqueous solution from 25 % to 

17.5 %, the Voc, Isc and Qsc of device will decrease from 200 V, 22.5 μA, and 0.255 

μC to 171 V, 20.7 μA, and 0.233 μC, respectively. When the PVA solution 

concentration is low, the formation of micro-crystallites will be limited due to the 

insufficient PVA molecular chains, leading to the lower resilience of the hydrogel. 

This will decrease the electric output of Hydrogel-TENG because the charged 

contact surfaces cannot be separated effectively at this state. Further reducing the 

concentration of PVA from 17.5 %, there will be no enough micro-crystallites in 
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hydrogel to remain hemispheric shape of device even at the original state. Herein, we 

did not further increase the PVA concentration from 25% for the fabrication of 

device because it is difficult to prepare the PVA aqueous with higher concentration. 

 

Figure 5.6 (a) The open-circuit voltage of standard Hydrogel-TENG with different 

PVA concentration. (b) The concentration of PVA versus the electric output. (c) The 

concentration of PVA versus the short-circuit transfer charge. 

Besides frozen time and PVA concentration, we also investigate the influence of 

diameter of hemisphere-shaped hydrogel on the output performance as shown in 

Figure 5.7a to 5.7c. The results show that the Voc of device increases obviously from 

about 105 V to 236 V when the diameter of hemisphere hydrogel increases from 2 cm 

to 5 cm. Similarly, the Isc and Qsc will also increase from 10 μA and 0.12 μC to 24 

μC and 0.27 μC, respectively, with the enhanced diameter. As aforementioned, the 
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electricity generation of Hydrogel-TENGs mainly originates from the change of 

contact area (ΔA), which is related to the average separation distance’s change 

between contact layers (Δԁ). According to some earlier model [27, 28, 104], the Voc 

of TENGs could be approximately calculated as 

 

where ε0 is the vacuum permittivity, σ is the average surface charge density of contact 

materials, Δԁ is the average separation distance’s change between the top and the 

bottom contact layers.  

Under a certain applied force, increasing the hydrogel’s diameter will cause the 

increased ΔA as well as Δd, thereby leading to the increment in the electric output. It 

is found that when the hydrogel’s diameter is 5 cm, the saturation of electric output 

appears. The possible reason behind this observation is that the ΔA already arrived its 

maximum value under the employed external force and the electric output therefore 

will not enhance.  

(5.1) 
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Figure 5.7 (a) The open-circuit voltage of devices with different hydrogel diameter. 

(b) The diameter of hydrogel versus the electric output. (c) The diameter of hydrogel 

versus the short-circuit transfer charge. 

Based on the results about the effect of parameters on device performance 

mentioned before, we also compare the quality of devices with different parameters 

by the performance Figure-of-merit (FOMp). [104] The calculated FOMp of 

Hydrogel-TENGs with different parameters is shown in Table 5.1. The results also 

reveal the optimized hydrogel’s fabrication condition of frozen time of 5.5 hr and PVA 

concentration of 25 %. 
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Table 5.1 Performance FOM of each device with various parameters. 

Frozen 

time [h] 

FOMP 

[(μC m-2)2] 

Concentration 

[%] 

FOMP 

[(μC m-2)2] 

Diameter 

[cm] 

FOMP 

[(μC m-2)2] 

3.5 60.01 17.5 86.73 2 75.31 

4.5 100.77 20 118.8 3 92.95 

5.5 136.44 25 136.44 4 136.44 

6.5 132.18   5 164.97 

7.5 134.86   6 283.57 

5.3 Hydrogel-TENG with tube-shaped structure  

5.3.1 Fabrication of the tube-shaped Hydrogel-TENG 

For harvesting mechanical energy from various motions, we design a 

Hydrogel-TENG with tube-shaped structure by combining several standard devices 

together as shown in Figure 5.8a. Specifically, this device consists of six series 

connected hemisphere-shaped top contact layers (the diameter is 2.5 cm) and a 

tube-shaped bottom contact layer fabricated by rolling up a flat structural bottom 

contact layer with the size of 2.5 cm × 10 cm. Under the external force, the 

as-prepared tube-shaped Hydrogel-TENG can deform, causing the volume compress. 

This leads to the change of the contact area between PDMS in top contact layer and 

Al in bottom contact layer, and therefore enables the generation of triboelectricity. 
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Due to the high softness and elasticity of hydrogel, the tube-shaped Hydrogel-TENG 

shows flexibility and can deform driven by various human motions, as shown in 

Figure 5.8b. 

 

Figure 5.8 (a) The structural schematic of the tube-shaped Hydrogel-TENG. (b) The 

deformation of as-prepared tube-shaped Hydrogel-TENG (i) Original state, (ii) 

bending state, (iii) stretching state and (iv) twisting state. 

5.3.2 Harvesting mechanical energy from various motions 

Figure 5.9a-5.9c illustrate the open-circuit voltages of tube-shaped 

Hydrogel-TENG driven by bending, twisting and stretching motion, respectively. 

The results show that the tube-shaped device can harvest mechanical energy from 

different human motions. The open-circuit voltage could reach up to about 40 V 

when the bending and twisting angles are 150o. Meanwhile, the stretching motion 

creates smaller open-circuit voltage of about 2 V under the tensile strain of 35 %. 

Additionally, it is also observed that the open-circuit voltage of tube-shaped TENG 

increases with the increment of bending angle, twisting angle as well as tensile stain as 

shown in Figure 5.9. That is because the increased deformation of the TENG will 



       THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 5 

XU Wei  113 

generate the larger ΔA, leading to the improved electric output. 

 

Figure 5.9 The open-circuit voltage of tube-shaped Hydrogel-TENG under different 

(a) bending angel (60°, 90°and 150°), (b) twisting angle (60°, 90°and 150°), and (c) 

tensile strain (21 %, 28 % and 35 %). 

5.3.3 Tube-shaped Hydrogel-TENG as self-powered sensor 

According to above results, the as-prepared tube-shaped Hydrogel-TENG could 

create distinctive voltage signals triggered by different motions. This indicates its 

application potential as a self-powered sensor for monitoring human motions in real 

time. Fig 5.10 exhibits the application of the Hydrogel-TENG as a self-powered 

elbow-joint motion sensor. The employed Hydrogel-TENG is a tube-shaped TENG 

with the length of 18 cm and the diameter of 1 cm. At the original state, the device is 
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fixed over the straighten elbow joint. By changing the bending angles of elbow-joint, 

including 30 °, 90 ° and 120 °, different open-circuit voltages of 3.5 V, 13 V and 16 V 

are generated, respectively (Figure 5.10a). Correspondingly, the relationship between 

open-circuit voltage and the bending angle is shown in Figure 5.10c. The results 

present that the open-circuit voltage of the Hydrogel-TENG is proportional to the 

bending angle of joint (the bending rate is 1.5 times/s). Hence, the bending angles in 

the elbow joint motion can be detected through the change of open-circuit voltage. 

Similarly, the tube-shaped Hydrogel-TENG is also capable of distinguishing the 

bending rate of the elbow motions by monitoring the adjacent peak interval of the 

open-circuit voltage signals as well as the peak amplitude. As shown in Figure 5.10b, 

when the bending rate of elbow joint increases from 0.6 times/s to 2 times/s, the 

adjacent peak interval will be shortened from 1.67 s to 0.5 s accompanying with the 

increased output voltage from 3.7 V to 17.5 V. Figure 5.10d shows the dependence of 

both adjacent peak interval and open-circuit voltage amplitude on the bending rate 

(the bending angle is 90 °). The results show that the peak interval between adjacent 

voltage signals is inversely proportional to the bending rate, while the open-circuit 

voltage shows an inverse trend and is proportional to the bending rate, indicating the 

ability of our tube-shaped hydrogel-TENGs as a bending rate sensor.  
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Figure 5.10 Applications of the Hydrogel-TENG to detect elbow joint motion. (a) 

Images of the device as the elbow joint motion sensor and the generated open-circuit 

voltage at different elbow joint bending angles (30°, 90° and 120°). (b) The 

generated open-circuit voltage at different elbow joint bending rates (0.6 times/s and 

2 times/s). (c) Open-circuit voltage versus bending angle of the elbow joint motion 

(the bending rate is 1.5 times/s). (d) Open-circuit voltage and peak interval versus the 

bending rate of the elbow joint motion (the bending angle is 90°). 

After adjusting the dimension of device, the Hydrogel-TENG could also be 

utilized to detect human motion in other human body parts. Figure 5.11 illustrates a 
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tube-shaped device with smaller size for finger motion detect. The difference in Voc 

under different bending angles from 30° to 120° was also observed. Therefore, the 

as-prepared Hydrogel-TENG may identity different human motions by analyzing the 

peak amplitude and peak interval of voltage signals. 

 

Figure 5.11 Applications of the Hydrogel-TENG to detect finger joint motions at 

different bending angles (30°, 90°and 120°). 

Generally, for electronics which directly contact with human body, there are 

some additional and specific requirements, such as non-toxicity, high comfortability, 

biocompatibility or biodegradability. In this regard, our Hydrogel-TENG presents 

great advantages as a human motion sensor compared with other flexible TENGs due 

to its high safety, biocompatibility and flexibility. This might indicate its potential in 

diverse application, such as wearable electronics, artificial skin, health care, and 

criminal investigation. 
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5.4 Recyclability of the Hydrogel-TENG 

With the massive utilization and rapid upgrading of modern electronics, the 

produced electronic wastes will cause the environmental issues. As a kind of 

environmental-friendly material, the employed PVA shows promising potential for 

fabricating green electronics with degradability and biocompatibility to overcome 

above problems. [277, 278] The degradable reaction of PVA in the environment is 

shown below: 

 

It is found that the final degradation products of PVA will be carbon dioxide and 

water, which are safe for environment. Additionally, other materials utilized in 

Hydrogel-TENG also present environmental compatibility. Briefly, PDMS has been 

reported to routinely serve as a biomedical implant material and serve for cellular 

studies, while Al and Ni show abundant applications in various fields, such as metal 

implants and biomaterials. [279, 280] Therefore, the as-prepared Hydrogel-TENG 

possesses excellent environmental friendliness and safety. Additionally, it also should 

be mentioned that the formation of micro-crystallites in the PVA hydrogel is 

reversible, [161, 274-276] which means that the 3D crosslinking structure among 

molecular chains in PVA hydrogel could disappear with the melting of 

micro-crystallites at high temperature and re-form with the reestablishment of 
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micro-crystallites under the frozen treatment. Based on the reversibility, the PVA 

hydrogel utilized in this Hydrogel-TENG can be recycled for re-fabricating the 

TENG without environmental contamination. To provide further evidence, we 

provide the optical images of the recycling process of PVA hydrogel as shown in 

Figure 5.12a. The original hemisphere-shaped hydrogel (the diameter is 4cm) is 

prepared by freezing treatment of PVA aqueous solution (25%) at − 20 ℃ for 5.5 hrs, 

where the micro-crystallites among PVA molecular chains are formed and remained 

even at room temperature (i). Then the hydrogel is broken into pieces (ii). After 

heating these hydrogel pieces at 95 oC for 1 hr, the PVA aqueous solution is achieved 

with the disappearance of micro-crystallites under high temperature (iii). By means of 

the same frozen-thawed process of PVA aqueous solution mentioned before, [274, 

275] the 3D crosslinking structure will be re-built due to the re-formation of 

micro-crystallites. Therefore, the hemisphere-shaped hydrogel is achieved again (iv) 

for refabricating a new Hydrogel-TENG. Figure 5.12b and 5.12c show the 

open-circuit voltages of the original and the re-fabricated Hydrogel-TENG, 

respectively. Compared with the Voc of about 200 V created by the original device 

(Figure 5.12b), the Voc of the re-fabricated device can reach up to about 185 V 

(Figure 5.12c), which is about 92 % of the pristine value. This result indicates the 

recyclability of our Hydrogel-TENG as a mechanical energy harvester, which will 

further decrease the generation of electronic waste and improve the environmental 

friendliness of device. This study also provides a feasible way for developing 
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low-cost electronics. Other environmental-friendly materials and device structures 

could be introduced to achieve the device with improved performance in the future. 
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Figure 5.12 (a) The optical image of the recycling process of PVA hydrogel. (i) 

Pristine hemisphere-shaped hydrogel (ii) Broken hydrogel pieces. (iii) PVA aqueous 

solution. (iv) Re-fabricated hemisphere-shaped hydrogel. (b) The open-circuit 

voltage of original device (c) The open-circuit voltage of re-fabricated device.  

5.5 Conclusions 

In summary, a flexible, environmentally friendly and recyclable Hydrogel-TENG 

is demonstrated. The dependence of electric outputs on the frozen time, the 

concentration of PVA and the dimension of standard device has been systematically 

investigated. The standard device can generate an open-circuit voltage of 200 V and a 

short-circuit current of 22.5 μA with the peak power of approximately 2 mW at a load 

resistance of 10 MΩ and therefore power 20 LEDs directly. The tube-shaped 



       THE HONG KONG POLYTECHNIC UNIVERSITY        Chapter 5 

XU Wei  120 

Hydrogel-TENG can harvest mechanical energies from various kind of motions, 

including bending, twisting and stretching and also serve as self-powered human 

motion sensor. Moreover, the utilized PVA hydrogel is recyclable for fabricating 

renewable Hydrogel-TENG. This study provides the feasibility of developing flexible, 

environmentally friendly, and recyclable power generation devices as well as 

self-powered sensors based on the hydrogel. 
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Chapter 6   Conclusions and Future 

Prospect 

6.1 Conclusions of the thesis 

In this thesis, three kinds of functional polymer based TENGs are developed for 

resisting the negative influence of mechanical impacts on device application. Firstly, 

we develop a magnetic-assisted noncontact TENG to reduce the direct mechanical 

disruption of external force on the device. Secondly, the self-healing TENG 

possessing the ability to recover its performance once mechanical damage has 

occurred is fabricated. Thirdly, we demonstrate an environmental-friendly TENG 

based on hydrogel to reduce the pollution of electronics waste caused by 

mechanical-broken devices. The main conclusions can be briefly described as 

follows: 

A magnetic-assisted noncontact TENG based on the magnetic response polymer 

composite is demonstrated. By means of the magnetic field mediation, the direct 

contact between device and external mechanical stimuli in traditional TENGs is 

avoided and replaced by the remotely interaction. This decays the device degradation 

and failure. By integrating four noncontact TENGs with wind/water blades, the wind 

and blue energy harvesting is realized, and the generated electricity can drive 50 
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commercial LEDs. The influence of contact-separation frequency, wind speed, and 

humidity on the output performances of device is systematically investigated. After 

encapsulating the noncontact TENG, the device shows an excellent output stability 

even in harsh working environment. The results show the magnetic-assisted 

noncontact TENG’s great potential for wind and blue energy harvesting as well as its 

future possibility as self-powered magnetic sensor. 

Two types of self-healing TENGs, including contact-separation mode and 

single-electrode mode TENGs, have been fabricated by integrating magnetic 

healable electrodes with PU-PDMS-based healable polymer and PBA-based healable 

polymer, respectively. After breakage, the mechanical property of healable polymers 

and the conductive property of magnetic electrodes can be well restored. 

Correspondingly, the prepared TENGs exhibit an excellent self-healing performance, 

and the Voc and Isc of healed device can reach up to above 95 % of their original 

value even after the 5th cutting-healing cycle. Additionally, the self-healing TENG is 

shape-tailorable and object-adaptive to benefit efficient and versatile mechanical 

energy harvesting or various mechanical stimuli sensing. This study provides the 

feasibility of developing more durable and adaptive power devices.  

A flexible, environmental-friendly, and recyclable Hydrogel-TENG is 

demonstrated. The dependence of electric outputs on the frozen time, the 

concentration of PVA, and the dimension of standard device has been systematically 
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investigated. The standard device can generate an open-circuit voltage of 200 V and a 

short-circuit current of 22.5 μA with the peak power of approximately 2 mW at a load 

resistance of 10 MΩ and therefore power 20 LEDs directly. The tube-shaped 

Hydrogel-TENG is able to harvest mechanical energies from various kind of motions, 

including bending, twisting and stretching, and serve as a self-powered human motion 

sensor. Moreover, the utilized PVA hydrogel is recyclable for fabricating renewable 

Hydrogel-TENG, which further improves the environmental friendliness of the 

device. 

Based on aforementioned results, some performance parameters of the prepared 

TENGs, such as the performance figure-of-merit (FOMp) and the maximum 

instantaneous energy converting efficiency (ƞmax), are calculated and compared. It is 

found that, compared to other TENGs, the noncontact TENG show a higher FOMp of 

about 166 (μC m-2)2 and ƞmax of about 2 %. Even though the Hydrogel-TENG also 

shown a relatively high FOMp of 136 (μC m-2)2 at a certain mechanical energy input, 

its ƞmax is only 0.25 %. In contrast, for CH-TENG and SH-TENG, their FOMp are 

2.36 and 0.44 (μC m-2)2, respectively. Meanwhile, their ƞmax are about 0.4 % and 

0.15 %, respectively. 

6.2 Future prospect 

This thesis has proposed some strategies and concepts based on the combination 
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of TENGs and functional polymers for overcoming the negative influence of 

mechanical impacts on device application. On the basis of current results, there are 

some issues deserving further attentions. Specifically, for the magnetic-assisted 

noncontact TENG mentioned in chapter 3, more noncontact prototypes based on other 

working modes, structures and magnetic response materials should be developed for 

various application occasions. For the self-healing TENG illustrated in chapter 4, the 

flexibility, stretchability and mechanical strength of the current devices are supposed 

to be improved. Moreover, it is also necessary to develop healable polymers materials 

with higher electron affinity for improved electric output. For the 

environmental-friendly TENG, the fabrication of full biodegradable device is 

recommended for future application in implanted electronics. Additionally, to develop 

some multifunctional TENGs simultaneously possessing the features mentioned 

above is also recommended. 

TENGs have long been considered as a promising alternative of traditional power 

sources. In this case, how to improve the energy converting efficiency of TENGs is 

one of the most important issues for promoting the practical application of the device. 

Usually, the energy converting efficiency can be improved by optimization and design 

of materials, structures and circuits. Meanwhile, the management and storage of 

generated electricity are also important for the device’s application as power sources.  

Besides, the integrating of numerous TENGs to form a TENG networks is 
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representing a trend to achieve large-scale mechanical energy harvesting and power 

supply. The robustness, stability, and environmental-friendliness etc. of the whole 

TENG networks also should be considered. Another general application of TENGs is 

serving as self-powered sensors. In this case, the sensitivity and reliability of the 

device as well as the remote transmission capability of generated signals are facing 

some challenges and should be improved. 
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