
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


February 2022
Doctor's Degree Thesis

Development of Woven Structured and 
Skin-attachable Nanogenerator for 

Wearable Energy Harvesting

Graduate School of Chosun University

Department of IT Fusion Technology

Jiwon Park



Development of Woven Structured 
and Skin-attachable Nanogenerator for 

Wearable Energy Harvesting

웨어러블 에너지 하베스팅을 위한 

직물구조 및 신체부착형 나노제너레이터 개발

February 25, 2022

Graduate School of Chosun University

Department of IT Fusion Technology

Jiwon Park



Development of Woven Structured 
and Skin-attachable Nanogenerator for 

Wearable Energy Harvesting 

Advisor: Prof. Youn Tae Kim

This thesis is submitted to The Graduate School of 
Chosun University in partial fulfillment of the 

requirements for the Doctor's degree.

October 2021

Graduate School of Chosun University

Department of IT Fusion Technology

Jiwon Park





- i -

Table of Contents

Table of Contents ·············································································· i
List of Figures ················································································· iv
List of Tables ·················································································· ix
Acronyms ··························································································· x
Abstract(Korean) ·············································································· xi

I. Introduction ····································································· 1
    1.1. Research background ··························································· 1
       1.1.1. Wearable energy harvesting ······································· 1
       1.1.2. Triboelectric nanogenerators ······································· 3
       1.1.3. Outline of this dissertation ········································· 6

II. Flexible fiber and woven-structured triboelectric 
nanogenerator ······························································ 10

   2.1. Experimental details ·························································· 10
      2.1.1. Fabrication of the fiber-based TENG ····················· 10
      2.1.2. Fabrication of the woven-structured TENG ··········· 12
      2.1.3. Materials and measurement ······································ 14
   2.2. Results and discussion ······················································ 15
      2.2.1. Working mechanism ·················································· 15
      2.2.2. Output performance and stability ····························· 17
      2.2.3. Practical applications ················································· 24



- ii -

III. On-body-based triboelectric nanogenerator ············· 27
   3.1. Experimental details ·························································· 27
      3.1.1. Fabrication of the on-body-based TENG and 

characterization ·························································· 27
      3.1.2. Measurement ······························································· 30
   3.2. Results and discussion ······················································ 31
      3.2.1. Working mechanism ·················································· 31
      3.2.2. Output performance ··················································· 33
      3.2.3. Stability and durability ·············································· 36
      3.2.4. Practical applications ················································· 38

IV. TENG-based E-skin ··················································· 41
   4.1. Experimental details ·························································· 41
      4.1.1. Fabrication of the patterned PDMS films ·············· 41
      4.1.2. Fabrication of electrode layer and TENG-based 

E-skin ·········································································· 43
      4.1.3. Characterization and measurement ··························· 45
   4.2. Results and discussion ······················································ 46
      4.2.1. Working mechanism ·················································· 46
      4.2.2. Output performance and stability ····························· 48
      4.2.3. Comparison of the transparent and flexible TENGs ·······························································

52
      4.2.4. Practical applications ················································· 53



- iii -

V. Conclusion ··································································· 55

References ························································································ 57
List of Publications ········································································ 67
Abstract(English) ············································································· 73
Acknowledgement ··········································································· 75



- iv -

List of Figures

Figure 1.1  Energy harvesting technologies for wearable devices. ·············· 2

Figure 1.2  Triboelectric series. ········································································ 3

Figure 1.3  Working mechanism of TENG. (a) Initial state. (b) 

           Contact electrification phenomenon. (c, d) Electrostatic 

           induction and current generation. ················································ 4

Figure 1.4  Types of TENG for wearable energy harvesting. ····················· 5

Figure 2.1  (a) Schematic of the structure and two step manufacture 

           process for the stretchable FTENG. (b) FESEM image 

           of FTENG with a diameter and enlarged side image.

           (c) Photograph of the FTENG, released state and 

           stretched state with 100% strain. ·············································· 11

Figure 2.2  (a) Schematic illustration of the WTENG; the figure

           on the right is the FTENG. (b) Electrical output 

           depending on the number of conductive threads. (c)

           Photograph of the WTENG (45×45 mm2). (d) Top

           -view FESEM image of the conductive thread.

           (e) Cross sectional view FESEM image of FTENG.

           (f) Photograph showing lighting of commercial LED 

           connected to the conductive thread. ········································· 13

Figure 2.3  (a-d) Schematic diagrams illustrating the working 

           principles of the FTENG and WTENG under contact    

           -separation motion. ······································································ 16

Figure 2.4  Electrical characteristics of the FTENG. (a) Output 



- v -

           voltage and (b) current of the FTENG under a force

           of 1 kgf. ······················································································ 17

Figure 2.5  Comparison of the electrical outputs according to the 

           surface area of the WTENG: (a) 45 × 45 mm2, (b)

           70 × 35 mm2, (c) 75 × 75 mm2. ············································ 19

Figure 2.6  (a) Output voltage and current with different resistors

           as external loads. (b) Dependence of the output

           power on external load resistances. ·········································· 20

Figure 2.7  Mechanical durability test for the WTENG under 5000 

           cycles with the first and last 0.5 s waveforms

           enlarged. (a) Open-circuit voltage and (b) short-circuit 

           current. ·························································································· 22

Figure 2.8  (a) Photograph of the experimental setup for stretch-

           release cycles. (b) Output voltage and (c) current

           before and after stretching by 66.6% through 5000 

           cycles. ··························································································· 23

Figure 2.9  (a) Circuit diagram of a full-wave bridge rectifier

           and charging curve for the capacitor. (b) The LED

           can be directly lit and is visible in bright environments.      

       ·············································································································· 25

Figure 2.10 (a) The electrical watch was powered by the WTENG 

           under the pushing mode. (b) Light of 82 white LEDs 

           and visible in dark environment. (c) WTENG

           integrated in a shoe, harvesting energy from steps. ·············· 26

Figure 3.1  (a) Schematic structure of on-body-based soft TENG. 

           The inserts show the FESEM image, the EcoFlex thin 



- vi -

           film surface, and the side of the Au-coated yarn.

           (b) Summarized charge affinity for different

           triboelectric materials. (c) Data for resistance with 

           different strains. (d) Photographs of soft TENG and

           (e) attached to a human hand with the electrode 

           structure. ······················································································· 29

Figure 3.2  (a-d) Electricity generation mechanism of on-body-

           based soft TENG. ······································································· 32

Figure 3.3  (a) Photograph of the experimental setup for the

           tensile strength test. (b) Load deformation curve. ·················· 34

Figure 3.4  (a, b) Electrical outputs under contact separation

           motion and (c, d) stretching motion. (e) Dependence

           of the output voltage and current on the external load 

           resistance. (f) Output power per square meter of the 

           on-body-based soft TENG. ························································ 35

Figure 3.5  (a) Photograph of experimental setup for pushing test. 

           (b) Output voltage and (c) current from durability test 

           under 2500 cycles. ······································································ 36

Figure 3.6  (a) Photograph of experimental setup for tensile test.

           (b) Output voltage and (c) current before and after 

           stretching under 2500 cycles. ···················································· 37

Figure 3.7  (a) Circuit diagram of a full-wave bridge rectifier. (b) 

           Electronic watch powered using a soft TENG. (c) 

           Commercial LEDs directly lighted and visible in a

           dark environment. (d) Charging capability of on-skin-

           based soft TENG on a commercial capacitor of 1 μF. 



- vii -

           (e) Output voltages and (f) current of soft TENG 

           mounted on different body parts. ············································· 40

Figure 4.1  (a) Schematic of the fabrication process of patterned 

           PDMS films and TENG-based E-skin. (b) FESEM 

           images of PTFE-coated glass fabric tape and (c) 

           patterned PDMS film, respectively. ·········································· 42

Figure 4.2  (a) Schematic of the structure of the conductive yarn. 

           (b) FESEM image of the side of the conductive yarn. 

           (c) FETEM images of the longitudinal section of 

           TENG-based E-skin and conductive yarn electrode 

           including (d) Ag-coated yarn and (e) polyesters. (f) 

           Photograph of TENG-based E-skin. ·········································· 44

Figure 4.3  Schematic of the principle of the TENG-based E-skin

           in single-electrode mode. Current output under one

           cycle of contact and separation is shown in the

           figure. ··························································································· 47

Figure 4.4  Stress-strain of the TENG-based E-skin. Inset is the 

           resistance change of the conductive yarn with

           stretching strains. ········································································· 48

Figure 4.5  Electrical output performance including (a) Voc, (b) 

           response and recovery time of Voc by the dashed

           black box, and (c) Isc. (d) The measured voltage, 

           current, and (e) power density of the external load 

           resistances. ···················································································· 50

Figure 4.6  (a) Voc and (b) Isc from durability test under ~4500 

           cycles of contact-separation motions. (c) Photographs



- viii -

           of the cycling test setup with a pushing tester and (d) 

           TENG-based E-skin at the initial state and 30%

           strain. ···························································································· 51

Figure 4.7  (a) Schematic of the equivalent circuit of a full-wave 

           bridge rectifier. (b) Rectified voltage signal of a pulse 

           signal input. (c) Capacitor charging at a frequency of

           5 Hz. (d) Demonstration of powering an electronic 

           watch by hand tapping the TENG-based E-skin. (e) 

           Electrical output before and after bending the wrist.

           (f) Real-time arterial pulse waves. Inset is a photograph 

           of a TENG-based E-skin on a wrist. ······································ 54



- ix -

List of Tables

Table 4.1  Comparison of energy harvesting and self-powered 

          sensing characteristics of various transparent and flexible 

          TENGs. ··························································································· 52



- x -

Acronyms

PDMS Polydimethylsiloxane

PTFE Polytetrafluoroethylene

TENG Triboelectric Nanogenerator

LED Light Emitting Diode

AC Alternating Current

DC Direct Current

FTENG Fiber-based Triboelectric Nanogenerator

WTENG
Woven-structured Triboelectric 
Nanogenerator

FESEM
Field Emission Scanning Electron 
Microscope

FETEM
Field Emission Transmission Electron 
Microscope



- xi -

요    약

웨어러블 에너지 하베스팅을 위한
직물구조 및 신체 부착형 나노제너레이터 개발

 

                                      박지원
                                      지도교수: 김윤태 교수, Ph. D.
                                      조선대학교 대학원 IT융합학과

  최근 스마트 의류, 전자 피부와 같은 착용형 시스템의 전원 공급 문제를 해결하기 위해 

웨어러블 에너지 하베스팅 기술이 주목받고 있다. 본 논문에서는 사용자가 이질감 없이 

착용하여 신체의 움직임으로부터 필요한 에너지를 수확하고 이를 다양한 분야에 응용 가

능한 나노발전기를 제안하였다. 특히 웨어러블 에너지 하베스팅 소자의 핵심 요구 조건인 

내구성과 유연성의 확보, 효율적인 발전 성능 향상을 위한 방법을 제시하였다. 이를 위해 

본 논문에서는 파이버형, 직물 구조형, 신체 부착형, 전자 피부형 나노발전기를 제작하고 

물리적, 전기적 특성을 측정하여 각 parameter의 영향을 분석하였다. 고분자 탄성중합체 

및 전도성사의 복합화를 통해 신축성과 내구성을 동시에 확보하였고, 간단하고 효율적인 

주조 방식으로 대전체 표면을 패터닝하여 전하 밀도를 증가시키고 소자의 발전 효율을 향

상 시켰다. 제작된 소자는 100% 이상의 신축성, 5000회 동작 주기에 걸친 우수한 내구성, 

최대 154 mW/m2의 전력을 생성하여 전자 기기를 동작시킬 수 있는 응용 가능성을 입증하였

고 신체 움직임에 따른 에너지 수확뿐만 아니라 전자 피부형의 경우 일체형 압력 감지 센

서로 응용하여 생체신호를 측정할 수 있었다. 개발된 나노발전기는 웨어러블 시스템에 전

력 공급이 가능하고 전자 텍스타일, 유연전자소자, 휴먼-머신 인터페이스, 생체 모니터링 

등의 응용 분야에 활용될 수 있을 것으로 기대된다.
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I. Introduction

1.1. Research background 

1.1.1. Wearable energy harvesting 

Energy harvesting converts naturally occurring energy, such as sunlight, 

vibration, heat, and wind, into electricity. Because securing sustainable and 

eco-friendly energy is emerging as a necessity due to the depletion of raw 

materials and environmental pollution, energy harvesting technology is also 

expected to significantly impact future industrial development [1, 2]. In 

particular, as various wearable devices are developed, wearable energy 

harvesting technology for self-generation is gaining attention [3, 4]. 

Wearable energy harvesting converts the movement obtained from physical 

activity into power. This energy source is then used to operate a device 

[5]. The wearable energy harvesting generates electrical energy by using 

human body temperature and movement or by absorbing ambient 

electromagnetic waves. As shown in figure 1.1, wearable energy harvesting 

technology is largely divided into piezoelectric [6-8], thermoelectric [9, 

10], and triboelectric [11-13] generations.

In piezoelectric generation, electrical energy is generated when 

mechanical deformation is applied to a piezoelectric material. Using this 

technology, energy is generated from small vibrations, such as heartbeat, 

pressure generated when people walk, or when the surface is bent [14, 

15]. In addition, wearable energy harvesting can be applied to shoes, skin, 

textiles, and implantable devices.
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In thermoelectric generation, thermal energy is converted into electrical 

energy and electrical energy into thermal energy based on the Seebeck 

and Peltier effects. Body temperature can be used to generate energy for 

wearable energy harvesting [16-18]. However, it must have high electrical 

conductivity and excellent flexibility, as it needs to absorb the maximum 

thermal energy from surfaces with considerable body movement.

In triboelectric generation, electricity that is generated on the contact 

surface by friction between two materials is collected. It is the most 

commonly used body movement-based wearable energy harvester owing to 

its advantages of high conversion efficiency and nanoscale design [19-21]. 

Therefore, a combination of materials that can generate more electricity 

with the same mechanical energy is important.

 Figure 1.1. Energy harvesting technologies for wearable devices [22].
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1.1.2. Triboelectric nanogenerator 

A triboelectric nanogenerator (TENG) generates electrical energy based on 

contact electrification and electrostatic induction. Electrification refers to the 

phenomenon of electrical charging that occurs when two materials come into 

contact and separate. Surface charge density is a key factor in generating 

electrical energy using triboelectric materials [23-25]. As shown in figure 1.2, 

the triboelectric series determines the polarization of the surface triboelectric 

charges formed on the surface of the triboelectric material. The charges on 

the surface create a potential difference in the external circuit and induce the 

flow of electrons [26].

 

Figure 1.2. Triboelectric series [27].
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As shown in figure 1.3, when two different materials come into contact, 

charge is transferred at the interface between the two materials. Furthermore, 

when a charge with opposite polarity is generated on the surface by friction 

between the two materials, the charge flows between the electrodes to 

maintain an electrostatic equilibrium by the relative movement of the 

triboelectric material [4, 28].

Figure 1.3. Working mechanism of TENG. (a) Initial state. (b) Contact 

electrification phenomenon. (c, d) Electrostatic induction and current 

generation.

TENG consists of two layers: an insulator and a conductor. Owing to this 

simple structure, TENG to be implemented as a wearable device. Recently, 

TENG has been increasingly used as a wearable device by utilizing transparent 

and stretchable materials for comfortable wearing (figure 1.4) [29, 30].
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Figure 1.4. Types of TENG for wearable energy harvesting [29].
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1.1.3. Outline of this dissertation

Worldwide, the research and development of wearable devices for medical, 

military, and user convenience is rapidly increasing. Currently, accessory-type 

products are the mainstream of wearable devices. However, the devices are 

expanding into clothing types and patches that can be directly attached to the 

skin, maximizing wearability, which is the strength of the fundamental 

technology [31-33]. Although wearable devices have evolved into a form that 

can be worn naturally on the body, the problem of continuous power supply 

remains the biggest technical challenge. To solve this problem, an 

energy-harvesting technology capable of self-generation of a device is 

attracting attention [34-36].

Energy harvesting technologies, such as piezoelectric, thermoelectric, and 

triboelectric harvesting technologies, can be integrated with wearable sensors 

[37, 38]. The piezoelectric energy-harvesting device converts the pressure 

difference, based on the human body movements, into electrical energy 

[39-41]. Existing piezoelectric materials are mostly inorganic-based oxides 

that exhibit high piezoelectric properties owing to their crystal structure. 

However, most of them are not bio-friendly and lack the flexibility required 

for applications in wearable types, resulting in low piezoelectric performance. 

For thermoelectric energy-harvesting devices that convert thermal energy into 

electrical energy using body temperature, research is underway on 

polymer-based elastic thermoelectric materials instead of metals that are 

difficult to deform [42-44]. However, soft organic materials are difficult to 

commercialize because of the disadvantage that the thermoelectric properties 

are easily lost when subjected to physical impact. Among them, triboelectric 

energy harvesting technology is attracting attention owing to its characteristics 

of a wider selection of materials, simpler mechanical structure, and higher 

flexibility than piezoelectric and thermoelectric generators [45-47]. 
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A nanogenerator is a type of technology that converts mechanical energy 

as produced by small-scale physical change into electricity, and uses, and is a 

device that utilizes nanomaterials or has a nanoscale operating environment 

and nanoscale power performance. However, it is recently referred as a device 

that uses displacement current as the driving force for effectively converting 

mechanical energy into electric power and signal, disregarding if nanomaterials 

are used or not [48].

TENG generates electrical energy through contact potential and 

electrostatic induction [49]. An energy harvester that generates an appropriate 

electric power with a natural fit on the body has not been developed to a 

commercially available level. Therefore, it is most suitable to implement the 

wearable device as a textile or skin patch type to harvest the energy required 

from physical activity without causing any discomfort to the user and apply the 

device in various fields. Furthermore, flexible materials and improvements in 

output performance must be studied to apply TENG as a wearable device.

Recently, hydrogel has been used as a flexible and stretchable material for 

TENGs, but since it is an aqueous electrolyte solution, there are problems in 

that it causes dehydration and decreases mechanical elasticity and ionic 

conductivity [50, 51]. To improve the power generation of the TENG, research 

is being conducted on various methods, such as expanding the surface area to 

be charged, applying metal nanoparticles, and etching organic materials. 

However, this requires a complicated process and expensive equipment [50, 

52]. In addition, most textile or skin patch-types TENGs require an additional 

metal wire to be connected to the electrode and the external electrical 

connection. Therefore, it is necessary to implement a durable and flexible 

material, an efficient method to improve output performance, and a TENG 

manufacturing technology that does not require an additional electrode 

connection.
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In this study, fiber-type, woven-structured, body-attached, and 

E-skin-type TENGs were fabricated for wearable energy harvesting. This 

satisfies the need to be applied as a wearable type and presents a new 

direction that can contribute to the field of wearable electronics. As a 

nanogenerator, a micro/nano patterning material was used and the power 

performance in the nanoscale was analyzed. A polymer elastomer, which 

contains similar mechanical properties to human skin tissue, along with 

elasticity and flexibility, was used as a stretch material. Simultaneously, both 

elasticity and durability were secured by compounding conductive yarns. 

Furthermore, the charge density was increased by patterning the surface of 

the triboelectric material using a simple and efficient casting method, and an 

additional electrode connection was not required owing to the use of a 

conductive yarn as an electrode.

In the first chapter, we will discuss the highly stretchable fiber- and 

woven-structured TENGs. Previous fiber-based TENGs (FTENG) were difficult 

to fabricate into bendable or stretchable structures using metal electrodes. The 

FTENG proposed in this study was fabricated with a structure capable of 

maintaining elasticity and showed high stretchability and flexibility of more 

than 100%. The electrical output of 28 V and 0.56 μA was generated by the 

contact of the human skin with the electrification layer. In addition, the 

existing fiber-based woven-structured TENG (WTENG) was fabricated by 

crossing multiple fibers, but the fibers in this study can be fabricated into a 

two-dimensional woven structure by weaving one strand. The WTENG 

generated power of up to 34.4 μW/cm2, and presented excellent durability and 

potential applications for electronic devices. It also showed the possibility of 

harvesting mechanical energy generated from body movements. This study can 

be applied to textile applications such as E-textiles and smart clothing, and is 

expected to be a new solution that can supply power to wearable or portable 

devices.
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In the second chapter, we will discuss on-body-based TENG that can be 

attached to the human skin or curved parts of the body to generate energy 

from arbitrary motion. It presented an ultra-thin thickness of 200 μm and a 

stretchability of more than 100%, and generated a maximum power of 150 

mW/m2. The practical application of charging storage devices to operate 

electronic devices was demonstrated, and energy could be harvested in various 

motions by attaching them to various parts of the body. This study is expected 

to be utilized as a thin and flexible soft power source that can replace the 

existing E-skin and bulk batteries, and can be used in the fields of flexible 

electronic devices, artificial muscles, and human-machine interfaces.

In the third chapter, we will discuss the E-skin-type TENG capable of 

energy harvesting and self-pressure sensing developed by fabricating 

micro-patterned PDMS films. The inverted micro-pattern was replicated on the 

surface of the PDMS film using a micro-knitted pattern of PTFE as a mold. 

Such surface patterning can promote the triboelectric effect by increasing the 

contact area and friction of the triboelectric material. As an energy harvester, 

it generates a power of 154 mW/m2 and has also demonstrated a fast response 

time and excellent stability over 4500 pushing cycles. With a self-pressure 

sensor, it detects the wrist arterial pulse and shows the capability to monitor 

human physiological signals in real-time. This study is expected to be 

applicable to applications such as wearable power supplies, biological 

monitoring, and self-powered motion detection sensors.
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II. Flexible fiber and woven-structured triboelectric 

nanogenerator

2.1. Experimental details 

2.1.1. Fabrication of the fiber-based TENG 

Figure 2.1(a) shows the schematic and manufacturing process of the 

fiber-based TENG (FTENG). An FTENG is a single-electrode tribo-electric 

generator with a core–shell structure consisting of silicone rubber and 

conductive thread. In the process of fabricating a FTENG, the liquid parts A 

and B of the silicone rubber are stirred in a 1:1 ratio, to produce a silicone 

rubber fiber. The bubbles generated during stirring are removed from the 

vacuum state and the liquid of the silicone rubber is injected into a cylindrical 

mold having an inner diameter of 0.8 mm, to be cured. The conductive threads 

are used as electrodes to transfer the induced charges. The conductive 

threads are connected to the motor and wound onto the silicone rubber fiber 

at a constant speed and spacing. Finally, the surface is dip coated with 

silicone rubber and dried at room temperature for approximately 3 h. Figure 

2.1(b) shows a field emission scanning electron microscope (FESEM) 

photograph of an FTENG with a diameter of 1.2 mm, and its enlarged side 

image. This image shows the structure of the silicone rubber frame with the 

conductive thread coiled around it and a silicone rubber coating on the surface 

of the fiber. Figure 2.1(c) shows the initial state of the FTENG and its 

stretched state under 100% strain. Even when the length of the FTENG is 

increased, the electrical pathway along the conductive thread of the electrode 

remains constant.
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Figure 2.1. (a) Schematic of the structure and two step manufacture process 

for the stretchable FTENG. (b) FESEM image of FTENG with a diameter and 

enlarged side image. (c) Photograph of the FTENG, released state and 

stretched state with 100% strain.
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2.1.2. Fabrication of the woven-structured TENG 

As shown in figure 2.2(a), the woven-structured TENG (WTENG) consists 

of a single strand of a long FTENG. Prior to the weaving process, we 

compared the electrical output voltages according to the number of strands of 

the conductive thread, as shown in figure 2.2(b), to design the optimal FTENG. 

FTENGs consisting of one to six strands of the conductive thread showed 

different output values for an external force of 0.5 N. The highest output 

value was obtained with three strands of conductive thread. When more than 

four strands were used, the TENGs loosened under stretching conditions, 

resulting in damage to the coated silicone rubber and increasing the resistance. 

Therefore, we fabricated WTENGs with a 45 × 45 mm2 size, as shown in 

figure 2.2(c), based on the FTENG structure using three strands of conductive 

thread, through a weaving process using a weaving handloom. Figure 2.2(d) 

shows the FESEM image of the side of an conductive thread. The conductive 

threads are composed of multiple twisted conductive threads and polyester. 

Figure 2.2(e) shows the FESEM image of a FTENG cross-section fabricated 

with a radius of 0.6mm. The silicone rubber fiber and silicone rubber coated 

on the surface are shown in the image. The thickness of the silicone rubber 

layer on the surface is 100 μm. As shown in figure 2.2(f), a conductive thread 

was soldered on the breadboard to the anode and cathode of the LED. Using a 

DC supply, a voltage of 2 V was applied to illuminate the LED, demonstrating 

the excellent electrical conductivity and soldering interconnection 

characteristics of the conductive thread.
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Figure 2.2. (a) Schematic illustration of the WTENG; the figure on the right is 

the FTENG. (b) Electrical output depending on the number of conductive 

threads. (c) Photograph of the WTENG (45 × 45 mm2). (d) Top-view FESEM 

image of the conductive thread. (e) Cross sectional view FESEM image of 

FTENG. (f) Photograph showing lighting of commercial LED connected to the 

conductive thread.
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2.1.3. Materials and measurement 

The silicone rubber is used as a negative triboelectric material and has 

superior chemical stability, heat resistance, and abrasion resistance, when 

compared to the general organic rubber because of the inorganic properties of 

the main chain siloxane (Si–O) in the molecular structure. The silicone rubber 

is also used as a dielectric and encapsulating material for FTENG and WTENG 

because of its excellent flexibility, stretchability, biocompatibility, mechanical 

properties, strong resistance to sweat and water, and high electron affinity. 

The conductive thread, which provides high conductivity and electrical 

stability, is composed of silver-coated copper and polyester and has an 

average resistance of 0.049 Ω/cm for a diameter of 300 μm. It exhibits higher 

mechanical durability, flexibility, and electrical conductivity, compared to other 

threads coated with metal [53-57].

The open-circuit voltage was measured using an MSO9104A digital 

oscilloscope, whereas the short-circuit current was measured using a B2911A 

precision source/measurement device. The applied force was measured using a 

CI-10W digital indicator. A JIPT-100 pushing tester was employed to drive the 

TENGs under a cyclic compression force, whereas the MCT-2150 tensile 

tester was employed to test the stability employing strain. Applications 

performance of the TENG was directly measured using practical hand tapping. 
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2.2. Results and discussion 

2.2.1. Working mechanism 

A TENG has various modes depending on the contact method of the device 

and the position of the electrode [58]. The single-electrode mode uses 

electrodes only on one material, out of the two different materials that are in 

contact. This mode has a structure that changes free-moving motion into 

electric current, and generates current in the course of maintaining the balance 

of electric charges, through the movement of electrons from the electrodes 

according to the contact or separation of the charged substances. This 

single-electrode mode has the advantage that the movements of the other 

materials are not limited.

As shown in the mechanism in figure 2.3, the FTENG and WTENG 

generate electric current while balancing the charge, by the movement of 

electrons from the electrode due to the friction between silicone rubber and 

the skin. According to the triboelectric series, silicone rubber has a negative 

characteristic with a high electron affinity, but skin shows a positive 

characteristic with a low electron affinity. As shown in figure 2.3(a), when skin 

and silicone rubber are in contact, the skin is positively charged and the 

silicone rubber is negatively charged. Thus, the silicone rubber generates a 

negative charge Q, and by induction of static electricity and preservation of 

charge, the conductive thread of the TENG electrode and the skin generate 

positive charges Q1 and Q2, respectively. Therefore, since Q = − (Q1 + Q2), 

the negative charge Q on the TENG is considered to create an electric field. 

As shown in figure 2.3(b), when the two materials are separated, a potential 

difference occurs and electrons move from the electrode to balance the 

triboelectric potential. As shown in figure 2.3(c), when the two materials are 

maximally separated, they enter electrostatic equilibrium states in which 
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electrons do not move. Finally, as shown in figure 2.3(d), when the two 

materials come into contact again, the electrostatic equilibrium collapses and 

the amount of charge moving from the electrode decreases. That is, Q1 

increases and Q2 decreases, generating an electric current instantaneously. 

Hence, the TENG is a single-electrode structure that converts motion into 

electric current, is independent of the kind of motion, and generates alternating 

current (AC) through a continuous contact–separation process.

Figure 2.3. (a-d) Schematic diagrams illustrating the working principles of the 

FTENG and WTENG under contact-separation motion. 
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2.2.2. Output performance and stability 

In FTENG, silicone rubber is a triboelectric layer that generates electrical 

output through friction with human skin. The electrical characteristics are 

analyzed by bringing an FTENG 8.5 cm in length and 1.2 mm in diameter in 

contact with human skin. When the skin and FTENG are in contact with a 

force of 1 kgf, the instantaneous voltage and current signals can be measured. 

The maximum output voltage and current are 28 V and 0.56 μA, as shown in 

figure 2.4(a) and (b).

Figure 2.4. Electrical characteristics of the FTENG. (a) Output voltage and (b) 

current of the FTENG under a force of 1 kgf. 
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The proposed WTENG can be weaved in various sizes and shapes by using 

a weaving handloom. The WTENG was fabricated in various sizes, and 

experiments were conducted to analyze the electrical output characteristics on 

applying a repetitive external force. Figure 2.5 shows the output voltage and 

current signals generated from the WTENG by skin friction for an applied 

force of 1 kgf. As shown in figure 2.5(a), an output voltage of 42 V and 

current of 5 μA was generated by a 45 × 45 mm2 WTENG. In the same 

experimental environment, as shown in figure 2.5(b), an WTENG with 70 × 35 

mm2 size produced the maximum electrical output of 53 V and 15 μA; an 

output of 72 V and 18 μA was measured from the WTENG of size 75 × 75 

mm2 (figure 2.5(c)). From these results, it can be inferred that the efficiency 

of electric power generation is improved as the size of the WTENG increases; 

however, this improvement is nonlinear. This may be because of a 

characteristic of triboelectricity, which induces saturation above a certain level 

of force. Therefore, it is important to select an optimal TENG size that offers 

efficient electrical output when a constant force is applied.

In addition, to investigate the effective electric power, WTENG was 

connected to electrical resistors and the electrical output was measured. As 

the resistance increased, the output voltage increased and was saturated at the 

open-circuit voltage when the resistance was infinitely large. Conversely, the 

output current decreased as the resistance increased (figure 2.6(a)). As a 

result, the output power showed a maximum value (about 34.4 μW/cm2), 

calculated from the equation (W= V2
peak/R), at an external resistance of 1 MΩ 

(figure 2.6(b)).
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Figure 2.5. Comparison of the electrical outputs according to the surface area 

of the WTENG: (a) 45 × 45 mm2, (b) 70 × 35 mm2, (c) 75 × 75 mm2.
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Figure 2.6. (a) Output voltage and current with different resistors as external 

loads. (b) Dependence of the output power on external load resistances.
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Durability and stability are important parameters for the TENG as well as 

electrical energy generation. When a repetitive external force was applied, the 

WTENG exhibited a stable output performance. The contact area of the 

pushing tester applying the external force to the WTENG was 36π mm2. As 

shown in figure 2.7(a), an output voltage was generated during 5,000 pushing 

cycles with a force of approximately 0.6 kgf. When comparing the output 

voltages of the initial state and the state after 5,000 pushing cycles, a 

constant value was confirmed, without distortion. Likewise, the current signal 

generated during 5,000 pushing cycles in the same experimental environment 

is shown in figure 2.7(b). Hence, the WTENG is of practical value as a reliable 

energy harvester since there is no reduction in the electrical output after an 

external force is applied.

In addition, to verify the flexibility of the WTENG, a triboelectric output 

test was conducted before and after specific stretch-release cycles by using a 

tensile tester (figure 2.8(a)). Figures 2.8(b) and (c) show the comparisons of 

the voltages and currents of the WTENG before and after the stretching tests 

wherein it was stretched by 66.6% through 5,000 cycles. The results show 

that a stable triboelectric performance was obtained. Thus, it can be concluded 

that the WTENG shows outstanding flexibility without degrading the electrical 

output.
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Figure 2.7. Mechanical durability test for the WTENG under 5000 cycles with 

the first and last 0.5 s waveforms enlarged. (a) Open-circuit voltage and (b) 

short-circuit current.
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Figure 2.8. (a) Photograph of the experimental setup for stretch-release 

cycles. (b) Output voltage and (c) current before and after stretching by 66.6% 

through 5000 cycles.
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2.2.3. Practical applications 

We now demonstrate the potential applications for harvesting and 

substantially utilizing the electrical energy generated from WTENGs. As shown 

in figure 2.9(a), a capacitor was connected to the rectifier circuit and the 

charge level was measured as the voltage. The capacitor accumulated the 

charge until the positive and negative charges were equal to the voltages 

supplied externally. Since the WTENG generates AC, a bridge rectifier circuit 

was used. An external force was applied to an WTENG with size 70 × 35 

mm2, which produced the highest power per unit area, and a 1 μF capacitor 

was charged to 1.2 V for 25 s. According to the formula Q = CV, the amount 

of charge stored in the 1 μF capacitor over 25 s is approximately 1.2 μC. As 

shown in figure 2.9(b), using the accumulated charge, a commercial LED was 

lit up.

In addition, the possibility of driving electronic devices was confirmed by 

connecting an electrical watch to an WTENG of size 70 × 75 mm2 and a 

rectifier circuit. In order to drive the electrical watch for a long time, a 1 μF 

capacitor was connected to the circuit to increase charge capacity. As shown 

in figure 2.10(a), the electrical watch was driven continuously through contact 

with skin, under a pushing motion. To verify the LED operation, we use a 

white commercial LED that requires a minimum voltage of 1.8 V and a current 

of 100 mA. Since the WTENG can generate enough electrical output, 82 LEDs 

are connected in series and driven. Figure 2.10(b) shows the letters ‘IFRC’ 

formed by LED lights that are lit by contacting the human skin with an 

WTENG. In another application, the WTENG was attached to the heel of a 

shoe in order to convert the mechanical energy generated from the movement 

of the human body into electric energy. As shown in figure 2.10(c), a signal of 

instantaneous power was generated by the contact of the heel and the WTENG 

during a step. The WTENG can be applied to active sensors that calculate the 
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number of steps, gait correction shoes, portable power sources, etc., and can 

be further extended to other applications. It has been proven that the WTENG 

successfully outputs electrical energy as a self-powered device, and that it 

can be used as a promising power source for wearable devices. 

Figure 2.9. (a) Circuit diagram of a full-wave bridge rectifier and charging 

curve for the capacitor. (b) The LED can be directly lit and is visible in bright 

environments. 
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Figure 2.10. (a) The electrical watch was powered by the WTENG under the 

pushing mode. (b) Light of 82 white LEDs and visible in dark environment. (c) 

WTENG integrated in a shoe, harvesting energy from steps.
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III. On-body-based triboelectric nanogenerator

3.1. Experimental details 

3.1.1. Fabrication of the on-body-based TENG and characterization

Figure 3.1(a) shows a three-dimensional schematic diagram of the designed 

on-body-based soft TENG. The electrode formed on the dielectric surface in a 

serpentine shape was placed in the center, and the upper and lower surfaces 

had a sandwich structure composed of the EcoFlex thin film. EcoFlex (silicone 

rubber), a silicone-based elastic polymer material, is used as a negative 

triboelectric material and has a wide range of applications, such as being used 

as a stretchable electronic substrate or a flexible device because it is flexible, 

has excellent elasticity, and is harmless to the human body. For the EcoFlex 

mixture on the surface, a monomer and a curing agent were stirred at a ratio 

of 1:1. The mixture was polymerized for 3 h to prepare a solution of an 

elastic polymer. The thickness of the glass plate was measured by casting the 

EcoFlex solution horizontally, vertically, and vertically in air to obtain the best 

thin film thickness. From the findings, it was cured vertically in air to a thin 

uniform thickness of 200 μm. The bubbles generated during this process were 

stored in a vacuum and removed. Figure 3.1(a) shows the FESEM image of the 

EcoFlex thin film surface and the side of the Au-coated yarn, a conductive 

material used as the electrode. A weaving loom was used to form a serpentine 

shape of the Au-coated yarn at a spacing of 0.7 cm to form an electrode 

layer on the thin film surface. The distance between the pins of the weaving 

loom is 0.7 cm. The output performance of the TENG decreases as the width 

of the pattern increases. This occurs because the amount of charge transfer 

per unit area of the electrode is proportional. The Au-coated yarn consisted of 

three strands of metal filaments (40 μm diameter of Au-coated Cu) and 

polyester filaments (75 deniers with 36 filaments), exhibiting a resistance of 
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0.037 Ω/cm and a higher electrical conductivity than other conductive yarns. 

An electrode layer was formed on the thin film and fixed by spraying 

polytetrafluoroethylene (PTFE). PTFE helps maintain the flexibility of the 

EcoFlex thin film without affecting the thickness of the TENG as it is sparsely 

sprayed on the thin film. Finally, a thin film was placed on top before the 

PTFE was cured. As shown in figure 3.1(b), PTFE and EcoFlex has a high 

negative charge affinity (−190 nC/J and −72 nC/J), so it can increase the 

output by generating a high amount of frictional charge in materials with 

desirable properties [58, 59]. The resistance value was measured when 

unidirectional deformation was determined using a digital multimeter to observe 

the electrical conductivity changes in the electrode based on the TENG 

deformation. As shown in figure 3.1(c), when a strain up to 155% was applied, 

the resistance value linearly increased from its initial resistance of 9.7 kΩ to 

small width. However, when the strain exceeded the threshold, the resistance 

significantly increased, as the electrode was disconnected. In other words, it is 

possible to maintain adequate output performance of the device within a 

variation of a section in which the conductivity of the electrode changes to a 

low value based on the threshold value. The fabricated on-body-based soft 

TENG consisted of an optically transparent device with a size of 50 × 40 mm2 

and a device attached to the back of the hand, as shown in figures 3.1(d) and 

(e). It was easy to attach TENG to the skin, and the device was flexible such 

that it could sense the movement of the human body and harvest energy.
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Figure 3.1. (a) Schematic structure of on-body-based soft TENG. The inserts 

show the FESEM image, the EcoFlex thin film surface, and the side of the 

Au-coated yarn. (b) Summarized charge affinity for different triboelectric 

materials. (c) Data for resistance with different strains. (d) Photographs of soft 

TENG and (e) attached to a human hand with the electrode structure.
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3.1.2. Measurement

The open-circuit voltage was measured using an MSO9104A digital 

oscilloscope, whereas the short-circuit current was measured using a B2911A 

precision source/measurement device. The resistance value was measured 

using a DT-9205A digital multimeter, and the applied force was measured 

using a CI-10W digital indicator. A JIPT-100 pushing tester was employed to 

drive the TENGs under a cyclic compression force, whereas the MCT-2150 

tensile tester was employed to measure the tensile strength and test the 

stability employing strain. The electrical output performance of the 

body-attachable TENG was directly measured using practical hand tapping and 

human body movements.
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3.2. Results and discussion

3.2.1. Working mechanism

Figure 3.2 shows the cross-section of the on-body-based soft TENG and 

describes the principle of energy generation. The triboelectric output was 

generated by the flow of charged electric charges collected through the 

electrostatic induction phenomenon to the electrode by positive and negative 

electrical friction. As depicted in figure 3.2(a), the contact between EcoFlex 

and the skin created charges of opposite polarity on each surface because of 

the electron affinity from the triboelectric series. That is, based on the 

triboelectric effect and electrostatic induction, the EcoFlex on the TENG 

surface accumulated negative charges, while positive charges were 

accumulated on the skin. The higher the difference in the electron affinity of 

the triboelectric materials, the more charges that were accumulated. As shown 

in figure 3.2(b), when the surface was separated, a potential drop was 

established. During the process of balancing the potential, a transient charge 

flowed to the Au-coated yarn electrode, which generated a current pulse. 

According to a theoretical study on TENG [60], the output current is related 

to the charge transferred from the material surface and can be expressed as 

follows:

 
∆

where △Q(t) is the transferred charge. As shown in figure 3.2(c), 

electrostatic equilibrium was achieved when the interacting surface of the 

TENG and skin were separated by the maximum distance, and electrons 

accumulated on the electrode. Finally, as shown in figure 3.2(d), when the skin 

returned, the electrostatic equilibrium collapsed, and the charge moved in the 

opposite direction, creating a reverse current pulse. During each cycle of the 

mechanism, both positive and negative peak currents were generated, and 
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energy output could be generated through a continuous contact separation 

process. In addition, as a single electrode structure that converted free-moving 

motion into electric current, there was an advantage of the motion not being 

restricted.

Figure 3.2. (a-d) Electricity generation mechanism of on-body-based soft 

TENG. 
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3.2.2. Output performance

Figure 3.3 displays the evaluation of the mechanical and electrical 

properties of the on-body-based soft TENG. The tensile strength was 

determined using a tensile tester, as shown in figure 3.3(a), to evaluate the 

mechanical properties. The tensile strength can be measured through the load 

and the stretching degree until the sample is cut when pulled in the axial 

direction of the sample. The deformation rate was increased at a constant 

speed, and the required load was measured to obtain the load-deformation 

curve (figure 3.3(b)). A maximum load of 3.3 N occurred, and the material 

broke at 560% strain. As the electrode Au-coated yarns were formed in a 

serpentine shape, they were not damaged even at high strain rates, and the 

yarns had a minimal effect on the stiffness of TENG.

A 7 × 4 cm2 TENG was evaluated to determine the electrical output 

performance. The on-body-based soft TENG generated energy during a 

stretching motion owing to its flexibility and elasticity, as well as contact 

separation movements with the skin. A digital oscilloscope with an internal 

impedance of 1 MΩ and a precision source/measurement device generated an 

open circuit voltage of 280 V and a module short circuit current of 12 μA at 

approximately 1 kgf of contact separation motion (figures 3.4(a) and (b)). 

Similarly, a 140 V and a 3 μA were generated through the stretching motion in 

the same environment (figures 3.4(c) and (d)). The output power was measured 

at a load of 1 kΩ-100 MΩ to evaluate the output performance in detail. Figure 

3.4(e) shows the measured voltage and current based on the resistance change 

attributed to the stretching motion. As the load resistance increased, the 

output voltage also increased and became saturated after 100 MΩ. In contrast, 

the output current decreased when the load resistance increased. The 

maximum output power density was calculated using W = V2
peak/R, as shown in 

figure 3.4(f), and reached 150 mW/m2 at a load resistance of 10 MΩ.
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Figure 3.3. (a) Photograph of the experimental setup for the tensile strength 

test. (b) Load deformation curve.



- 35 -

Figure 3.4. (a, b) Electrical outputs under contact separation motion and (c, d) 

stretching motion. (e) Dependence of the output voltage and current on the 

external load resistance. (f) Output power per square meter of the 

on-body-based soft TENG.
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3.2.3. Stability and durability

In addition, good mechanical stability and durability are vital factors that 

are required to meet the reliability demands for TENGs. As shown in figure 

3.5(a), a constant force (0.5 kgf) was applied to the TENG using a pushing 

tester for testing under the cyclic compression force. As shown in figures 

3.5(b) and (c), a stable signal was generated without distorting the output 

voltage and current under 2,500 pushing cycles. These results demonstrated 

the practical robustness and mechanical durability of the developed TENG. 

Figure 3.5. (a) Photograph of experimental setup for pushing test. (b) Output 

voltage and (c) current from durability test under 2500 cycles.
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An initial state of 70% strain and output were measured after a cycle 

using a tensile tester, as shown in figure 3.6(a), to maintain the flexibility. As 

shown in figures 3.6(b) and (c), it was confirmed that no degradation in 

performance occurred even after prolonged use by outputting a constant 

voltage and current signal after repeated deformations for 2,500 cycles. Based 

on the flexible characteristics of on-body-based soft TENGs, the energy 

generation in various motions, and the excellent durability, TENGs have a 

practical application as reliable energy-harvesting devices.

Figure 3.6. (a) Photograph of experimental setup for tensile test. (b) Output 

voltage and (c) current before and after stretching under 2500 cycles.
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3.2.4. Practical applications

The power generated from the TENG can be stored in elements, such as 

capacitors or condensers, to drive electronic devices, which demonstrate the 

practical application of the on-body-based soft TENG. As shown in figure 

3.7(a), a circuit was constructed by connecting a 2.2 μF capacitor to the 

self-storage device to drive the electronic clock. The circuit included a bridge 

circuit for converting alternating current to direct current (DC). The TENG 

continuously drove the electronic watch through contact-separation movement 

when attached to the back of the hand (figure 3.7(b)). Moreover, the 

on-body-based soft TENG could be used to charge the capacitor for lighting 

the LED. With a DC supply, an LED requires a minimum driving voltage of 1.8 

V. As depicted in figure 3.7(c), an external force was applied to the TENG 

attached to the back of the hand to charge a 1 μF capacitor and to supply 

power to the LED. The six LEDs were connected in series, which required a 

driving voltage of 10.8 V, such that the voltage charged in the capacitor 

adequately lighted up the device (figure 3.7(d)). A 1 μF capacitor can be 

charged to 12 V in approximately 30 s. According to the formula Q = CV, the 

amount of charge stored in a 1 μF capacitor charged for more than 30 s is 

approximately 30 μC. Therefore, TENG has the potential of being used as a 

self-powered body-attached power source, as it generates energy, charges 

capacitors adequately, and drives electronics. The soft TENG developed in this 

study was attached to various parts of the human body to verify that 

biomechanical energy could be harvested during human body movements. The 

soft TENG generated stable output voltage and current through the application 

of contact-separation and stretching-release force based on human motion. 

Owing to its excellent deformability, TENG wholly adhered to the skin, even 

during the motion of the human body. As shown in figures 3.7(e) and (f), the 

soft TENG attached to the human wrist generated 30 V and 0.95 μA during 

the flexion and extension of the wrist. Next, it was attached to the inside of 
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the elbow, where it generated 40 V and 1.4 μA during the folding and 

unfolding of the arm. To exploit the walking energy, the soft TENG was worn 

under the foot, where it generated 42 V and 1.5 μA during the stepping 

motion. The on-body-based soft TENG is flexible, stretchable, easy to 

manufacture, and suitable for the human body. As various E-skin and 

Internet-of-things systems that can be driven with low power have been 

developed, soft TENGs are expected to be used as next-generation 

self-supporting energy power sources that can be utilized semi-permanently 

without batteries.
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Figure 3.7. (a) Circuit diagram of a full-wave bridge rectifier. (b) Electronic 

watch powered using a soft TENG. (c) Commercial LEDs directly lighted and 

visible in a dark environment. (d) Charging capability of on-skin-based soft 

TENG on a commercial capacitor of 1 μF. (e) Output voltages and (f) current 

of soft TENG mounted on different body parts.
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IV. TENG-based E-skin

4.1. Experimental details 

4.1.1. Fabrication of the patterned PDMS films

In this study, PDMS was selected as the substrate and an insulating 

material. The micro/nano pattern on the surface of the PDMS film leads to 

increases the sensitivity and response time compared to those of a flat PDMS 

film [61]. Polytetrafluoroethylene (PTFE)-coated glass fabric tape with a 

knitting pattern was used for fine patterning on the PDMS film. The 

PTFE-coated glass fabric tape shows the texture of a microscale surface. The 

PDMS elastomer and curing agent were stirred in a 10:1 ratio. As shown in 

figure 4.1(a), the mixture was coated on a glass sheet with PTFE tape 

attached. A desiccator was used to remove air bubbles from the PDMS 

mixture. The glass sheet was fixed by floating it vertically in the air. The 

solution was then cured, allowing it to fall downwards. It was heated to 75 °C 

for 2 hours in an oven and cured at room temperature for more than 24 

hours. Then, when the PDMS film was peeled off from the glass sheet, a 

reverse pattern for the PTFE tape surface was molded onto the film surface. 

The surface of the PTFE tape was easily peeled off the PDMS film owing to 

its nonstick property. The thickness of the PDMS film was in the range of 200 

± 15 μm. A field emission scanning electron microscope (FESEM) image of the 

surface of the PTFE tape and the patterned PDMS film is shown in figure 

4.1(b) and (c). 
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Figure 4.1. (a) Schematic of the fabrication process of patterned PDMS films 

and TENG-based E-skin. (b) FESEM images of PTFE-coated glass fabric tape 

and (c) patterned PDMS film, respectively. 
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4.1.2. Fabrication of electrode layer and TENG-based E-skin

The electrode located between the two PDMS films utilizes conductive 

yarn and is formed in a zigzag pattern. The ESLAST ES-5772 silicone sealant 

can be used to fix the zigzag-patterned conductive yarns to PDMS films. This 

sealant was cured at room temperature for 5 min. The conductive yarn was 

selected as the electrode material because of its excellent electrical 

conductivity, easy accessibility, and low resistance. Conductive yarn is a 

structure in which three strands of Ag-coated Cu yarn and polyester are 

twisted together and have a thickness of 199 μm and a conductivity of 0.049 

Ω/cm (figure 4.2(a)). The FESEM image of the side of the conductive yarn is 

shown in figure 4.2(b). Figure 4.2(c) is an 80 times magnified field emission 

transmission electron microscope (FETEM) image of the vertical section of the 

TENG-based E-skin. The grids in the image are nickel TEM grids, and the 

image shows the overall cross-sectional of the conductive yarn electrode. 

Figure 4.2(d) is Ag-coated Cu yarn of the conductive yarn and figure 4.2(e) is 

a part of the polyesters. Figure 4.2(f) shows the fabricated TENG-based 

E-skin (area of 50 × 40 mm2). The zigzag pattern using conductive yarn is 

uniformly formed on the PDMS film, and if the E-skin TENG is stretched in 

the transverse direction, the yarn is stretched in the same direction. 

Therefore, it can be deformed according to the movement of the body and can 

easily attach to curved body parts.
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Figure 4.2. (a) Schematic of the structure of the conductive yarn. (b) FESEM 

image of the side of the conductive yarn. (c) FETEM images of the 

longitudinal section of TENG-based E-skin and conductive yarn electrode 

including (d) Ag-coated yarn and (e) polyesters. (f) Photograph of 

TENG-based E-skin.
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4.1.3. Characterization and measurement

The PTFE tape, patterned PDMS film, and conductive yarn were used to 

study the morphology using a Hitachi S-4800 field emission scanning electron 

microscope and a JEM-2100F field emission transmission electron microscope. 

The open-circuit voltage was measured using an MSO9104A digital 

oscilloscope, whereas the short-circuit current was measured using a B2911A 

precision source/measurement device. The applied force was measured using a 

CI-10W digital indicator. A JIPT-100 pushing tester was employed to drive the 

TENGs under cyclic compression force and to test its stability. An MCT-2150 

tensile tester was used to measure the elasticity. Electrical output performance 

of body-attachable TENG-based E-skin was directly measured using practical 

hand tapping.
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4.2. Results and discussion 

4.2.1. Working mechanism

As shown in figure 4.3, the TENG-based E-skin operates in the 

single-electrode mode by connecting the conductive yarn to the ground 

without an additional metal wire. PDMS is a negatively charged material that 

forms a triboelectric layer, whereas the skin is positively charged and is 

considered an electrostatic layer. When the skin is in contact with the PDMS 

film of TENG-based E-skin, a triboelectric charge occurs at the interface of 

the two materials and generates the same amount of charge with opposite 

polarities on each surface (figure 4.3(i)). When the skin separates and moves 

away from the PDMS film, a potential difference is generated between the two 

materials. The generated potential difference can bias the external circuit to 

the ground and output the current (figure 4.3(ii)). When the skin and PDMS 

film are maximally separated, an electrostatic equilibrium is formed (figure 

4.3(iii)). When the skin approaches the PDMS film, the entire process is 

reversed, and the current flows in the opposite direction (figure 4.3(iv)). Thus, 

the contact-separation process of the two materials by an external force 

creates a continuous alternating current (AC). The generated AC output current 

is shown in the inset. When the skin was in contact with the PDMS film, the 

open-circuit voltage (Voc) and short-circuit charge quantity (Qsc) were all 

zero. Conversely, when the two materials are far apart, Voc and Qsc can be 

derived as [62]

   
   

where  is the density of the electrostatic charge generated on the 

surface of the PDMS film,  the capacitance of the TENG-based E-skin, and 

A the contact area between the skin and PDMS.
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Figure 4.3. Schematic of the principle of the TENG-based E-skin in 

single-electrode mode. Current output under one cycle of contact and 

separation is shown in the figure.
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4.2.2. Output performance and stability

A tensile-strength test was performed to evaluate the mechanical 

properties of the TENG-based E-skin. As shown in figure 4.4, the device 

experienced a stress of 143 kPa at a stretch ratio of 4.8. The inset of figure 

4.4 shows the relationship between the stretching strain and resistance of the 

conductive yarn. The conductivity of the conductive yarn is almost independent 

of the stretch ratio by applying the change in resistance R/R0 = λ2 to the 

stretch ratio λ. In other words, it is possible to ensure both the stable 

conductivity of the conductive yarn and performance of the device under 

tensile strain.

Figure 4.4. Stress-strain of the TENG-based E-skin. Inset is the resistance 

change of the conductive yarn with stretching strains.
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The energy harvesting performance of the TENG-based E-skin was 

evaluated by applying a cycling contact-separation motion. In general, the 

open-circuit voltage (Voc) and short-circuit current (Isc) are important 

parameters for analyzing the performance of a TENG. TENG-based E-skin 

(area of 70 × 50 mm2) generates an output of approximately 200 V (figure 

4.5(a)) and 2.7 μA (figure 4.5(c)) at a pressure of approximately 1 kgf during 

periodic contact-separation of the skin. The response and recovery time are 

important parameters for evaluating the sensor performance of TENG-based 

E-skins. As shown in figure 4.5(b), the response and recovery times of the 

device were 18 and 89 ms, respectively. This shows a faster response to 

biomechanical energy collection and external pressure than other reported 

TENGs [63, 64]. The actual power density depends on the device load. A load 

of 10 KΩ–10 GΩ was connected to the electrode of the TENG-based E-skin, 

and the electrical output was measured. As shown in figure 4.5(d), the output 

voltage increases and saturates as the external load increases, whereas the 

output current decreases according to Ohm's law. The output power density 

was calculated as P = I2R [65]. As shown in figure 4.5(e), the output power 

density at an external load of 100 MΩ reached the maximum value, that is, 

154 mW/m2. 

In addition, to investigate the stability and durability, the voltage and 

current of the TENG were measured during contact–separation with a force of 

0.2 kgf for 4,500 cycles. As shown in figure 4.6(a) and (b), no significant 

reductions in Vos or Isc were observed after repeated cycles. This excellent 

mechanical stability demonstrates the robustness and practical value of the 

device and meets the reliability requirements. Stability and durability tests 

were conducted using a pushing tester, as shown in figure 4.6(c). A contact 

force of 3 cycles per second can be applied to a TENG with an area of 

113.04 mm2. In addition, the TENG-based E-skin could be stretched by up to 

30% (figure 4.6(d)). Because the skin of the human arm can withstand a 

maximum deformation of up to 27% [66], the device can operate properly 
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under general physical conditions when attached to the skin.

Figure 4.5. Electrical output performance including (a) Voc, (b) response and 

recovery time of Voc by the dashed black box, and (c) Isc. (d) The measured 

voltage, current, and (e) power density of the external load resistances.
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Figure 4.6 (a) Voc and (b) Isc from durability test under ~4500 cycles of 

contact-separation motions. (c) Photographs of the cycling test setup with a 

pushing tester and (d) TENG-based E-skin at the initial state and 30% strain.
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4.2.3. Comparison of the transparent and flexible TENGs

The excellent electrical properties of this TENG showed better 

performance than those found in recently reported research. As shown in table 

4.1, the TENG-based E-skin exhibited an outstanding electrical output 

performance compared to [50, 67, 68], respectively; it showed good stability 

compared to [67, 68, 69]; further, it showed a fast response time compared to 

[70], and has a thin total thickness compared to [70, 71]. As in [71], when 

the thickness of the TENG is thick, the stability and output performance are 

good, but it is difficult to attach to human skin. In the future, optimizing the 

thickness of TENG-based E-skin is expected to improve the fit and reach a 

response time of < 10 ms. Moreover, as the PDMS film becomes thinner, the 

capacitance between the skin surface and the conductive yarn electrodes will 

increase, which will improve the output performance. The excellent properties 

of TENG-based E-skin are best suited for biomechanical energy harvesting 

and multi-purpose self-wearable sensors.

 

Materials Electrical output Stable
cycles Response time Total   

thickness Ref.

Elastomer tape and 
Carbon grease 115 V and 3 μA 2,000 Only detects body

movement 102 μm [69]

PDMS, AgNW, and 
silk solution 2 mW/m2 2,500 7 ms 120 μm [67]

Elastomer (PDMS or 
VHB) and Hydrogel 35 mW/m2 5,000 Only detects body

movement 260 μm [50]

Si-rubber and 
Silver-coated nylon yarn 240 mW/m2 50,000 Only detects body

movement 2,800 μm [71]

PDMS, PVDF, and 
AgNWs 57 mW/m2 1,000 65 ms 660 μm [70]

EcoFlex and PTFE 150 mW/m2 2,500 Only detects body
movement 400 μm [68]

PDMS and Ag-coated 
Cu yarn 154 mW/m2 4,500 18 ms 400 μm This 

work

Table 4.1. Comparison of energy harvesting and self-powered sensing 

characteristics of various transparent and flexible TENGs.
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4.2.4. Practical applications

The electrical output of TENG-based E-skin can be used to continuously 

power portable electronic products. The equivalent circuit for storage in an 

energy storage device or used as a power source for the device is shown in 

figure 4.7(a). The skin and TENG-based E-skin were connected to the bridge 

circuit. Figure 4.7(b) shows that the AC generated from the TENG-based 

E-skin was rectified to direct current (DC) by the bridge circuit. A 1 μF 

capacitor was charged at a frequency of 5 Hz to determine whether it could 

actually be applied to the device. The capacitor voltage increased to 5 V for 

approximately 45 s, and thus the quantity of electric charge was approximately 

5 μC (figure 4.7(c)). An electronic watch can be operated by attaching a TENG 

to the left hand and tapping with the right hand (figure 4.7(d)). In addition to 

the self-storage element built into the electronic watch, it charged a 2.2-μF 

capacitor and supplied power through a bridge circuit. For an application 

experiment with a large strain, a TENG-based E-skin (area of 60 × 25 mm2) 

was attached to the wrist, and the output signal depending on the bending of 

the wrist was measured. The device was stretched by up to 18% by bending 

the wrist. As shown in figure 4.7(e), the result of comparing the output before 

and after deformation by hand tapping showed stable triboelectric performance. 

This demonstrates the excellent flexibility of the device and its ability to 

harvest energy by attaching it to various parts of the body. TENG-based 

E-skin can detect subtle physiological signals, such as wrist arterial pulses, 

owing to its high sensitivity. To measure the pulse without moisture on the 

skin, the attached area of the wrist was wiped with alcohol gauze. A TENG 

(area of 20 × 20 mm2) was attached to the wrist, and the arterial pulse was 

monitored, as shown in figure 4.7(f). Therefore, these experimental 

observations indicate that the wearable systems can potentially utilize 

TENG-based E-skin to harvest energy, power electronics, and monitor human 

signals.
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Figure 4.7. (a) Schematic of the equivalent circuit of a full-wave bridge 

rectifier. (b) Rectified voltage signal of a pulse signal input. (c) Capacitor 

charging at a frequency of 5 Hz. (d) Demonstration of powering an electronic 

watch by hand tapping the TENG-based E-skin. (e) Electrical output before 

and after bending the wrist. (f) Real-time arterial pulse waves. Inset is a 

photograph of a TENG-based E-skin on a wrist.
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V. Conclusion

In this study, a fiber-type, woven-structured, body-attached, and 

E-skin-type TENG was developed. The developed TENG harvests the energy 

generated by body movements and can thus be applied to wearable 

electronics. Elasticity and durability were secured by compounding the polymer 

elastomer and conductive yarn. The power generation performance of the 

E-skin type TENG was improved by micro/nano patterning the surface of the 

triboelectric material using an efficient casting method. It was also applied as 

an integrated pressure sensor to detect biosignals. Consequently, the core 

requirements of TENG were met, and the influence of parameters, such as the 

physical and micro/nano-scale electrical characteristics of TENG, according to 

each type was analyzed.

First, a highly stretchable FTENG and flexible WTENG were fabricated 

using silicone rubber and conductive thread. The WTENG consists of a 

single-strand of a long FTENG. As a single-electrode structure harvesting the 

mechanical energy generated from free motions, the proposed WTENG 

generated 34.4 μW/cm2 power from continuous contact with the skin. The 

WTENG demonstrated outstanding durability without degrading the electrical 

output during the application of repetitive external forces at 5000 pushing 

cycles. It was demonstrated to power a commercial LED and electrical watch 

with the output energy, as examples for practical applications. In addition, its 

potential for converting the mechanical energy generated from human motion 

into electric energy was illustrated. The theoretical and experimental results 

establish that the WTENG can be utilized as a self-powered system and can 

offer a new solution to power wearable or portable devices.

Second, a highly stretchable on-body-based soft TENG was developed for 

use as an energy-generating skin using an EcoFlex elastomer and Au-coated 
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yarns. The electrodes were formed in a serpentine shape, which allowed 

energy to be generated durably without damaging the device, even under high 

deformation. Its ultra-thin thickness (200 μm) and high elasticity (>100%) made 

it easily attachable to the skin or body curves, allowing for unrestricted body 

motions. An on-body-based soft TENG was attached to the back of the hand 

to produce 150 mW/m2 power through continuous skin contact and remained 

stable without signal degradation during repeated cycles of 2500 external 

forces. The TENG has a practical application potential because it can charge a 

capacitor and drive an electronic watch and LEDs, and can also be used to 

harvest mechanical energy generated from human motion. This may function as 

a new soft battery capable of supplying power to an electronic skin or a 

wearable device. Therefore, the development of stretchable and flexible 

TENGs is expected to be used in artificial muscles, wearable sensors, human–

machine interfaces, and power supply for various devices in the future.

Last, we developed a soft and transparent TENG-based E-skin as a type 

of energy harvesting and pressure sensor by combining a uniform 

micro-patterned PDMS film and conductive yarn. The inverted micro-pattern 

was replicated on the surface of the PDMS film using a fine knitted pattern of 

PTFE tape as a mold. The conductive yarn is composed of an Ag-coated Cu 

yarn and a polyester, which forms an electrode layer in a zigzag pattern to 

impart elasticity, stability, and high sensitivity of the TENG. As an energy 

harvesting device, it can generate a power of 154 mW/m2 and can charge a 

capacitor and power an electronic watch. It has also demonstrated a fast 

response time and outstanding stability over 4500 pushing cycles. With a 

self-pressure sensor, it detects the wrist arterial pulse and shows the 

capability to monitor human physiological signals in real-time. This hybrid 

TENG-based E-skin is expected to be applicable to applications such as 

wearable power supplies, biological monitoring, and self-powered motion 

detection sensors owing to its advantages such as simple manufacturing and 

low cost.
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ABSTRACT
 

Development of Woven Structured and Skin-attachable

Nanogenerator for Wearable Energy Harvesting

             

           Jiwon Park
                                 Advisor: Prof. Youn Tae Kim, Ph.D.     
                                 Department of IT Fusion Technology,

                             Graduate School of Chosun University
 

Recently, wearable energy harvesting technology has been attracting 

attention to solve the power supply problem in wearable systems, such as 

smart clothing and E-skin. This study proposes a nanogenerator that can be 

worn comfortably by a human being. It can harvest energy through human 

movements and can be applied in various fields. In particular, methods for 

securing durability and flexibility and improving efficient power generation 

performance, which are core requirements of wearable energy harvesting 

devices, were presented. We developed fiber, woven-structured, 

body-attachable, and E-skin-based nanogenerators and analyzed the effects of 

each parameter by measuring the physical and electrical properties of the 

nanogenerators. Stretchability and durability were secured through a composite 

of polymer elastomers and conductive yarns, and the charge density was 

increased by patterning the surface of the triboelectric material through a 

simple and efficient casting method. Consequently, the nanogenerators 

demonstrated an elasticity ≥100%, excellent durability over 5000 operating 

cycles, and power generation of up to 154 mW/m2 to operate electronic 
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devices. In addition, in the case of the E-skin type, bio-signals were measured 

by applying an integrated pressure sensor; moreover, energy harvesting was 

possible owing to body movements. The developed nanogenerator can supply 

power to wearable systems and is expected to be used in applications such as 

electronic textiles, flexible electronic devices, human-machine interfaces, and 

bio-monitoring.
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