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Abstract

Scavenging energy from our day-to-day activity into useful electrical energy be 
the best solution to solve the energy crisis. This concept entirely reduces the usage 
of batteries, which have a complex issue in recycling and disposal. For electrical 
harvesting energy from vibration energy, there are few energy harvesters available, 
but the fabrication, implementation, and maintenances are quite complicated. 
Triboelectric nanogenerators (TENG) having the advantage of accessible design, 
less fabrication cost, and high energy efficiency can replace the battery in low-
power electronic devices. TENGs can operate in various working modes such as 
contact-separation mode, sliding mode, single-electrode mode, and free-standing 
mode. The design of TENGs with the respective operating modes employed in 
generating electric power as well as can be utilized as a portable and wearable power 
source. The fabrication of triboelectric layers with micro-roughness could enhance 
the triboelectric charge generation. The objective of this chapter is to deal with 
the design of triboelectric layers, creating micro structured roughness using the 
soft-lithographic technique, fabrication of TENGs using different working modes, 
energy harvesting performance analysis, powering up commercial devices (LEDs, 
displays, and capacitors), and portable-wearable applications.

Keywords: triboelectric nanogenerators, micro-roughness, soft-lithography,  
TENG working modes, portable-wearable

1. Introduction

In the last few decades, the boom in consumer electronics rapidly creates the 
need for a sustainable portable and wearable power source. There are too many 
low-power electronic devices that are introduced to enhance the quality of our life, 
such as sensors, communication devices, GPS devices, implantable, and health 
monitoring devices [1–4]. All these electronic gadgets require electric power 
in the range of few microwatts to milliwatts. With the invention of batteries, 
these devices can use in various portable applications. However, the drawback in 
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batteries limits the purpose and be an obstacle to miniaturize the sensors. As per 
the batteries in concern, the batteries require periodical replacement, and the 
recycling of batteries is still a significant challenge. The precursor used for the 
fabrication of the batteries is highly hazards to human life and creates pollution 
to the environment [5]. The disposal has many concerns regarding soil and water 
contamination as they contain a lot of heavy metals. The future of electronics 
depends on the portable and wearable sensors such as flexible electronics [6, 7], 
e-skin-based sensor devices [8], and implantable bio-medical electronic systems 
[9]. Operating the low-power electronic devices, a sustainable and highly reliable 
power source is required. The power sources should scavenge power from waste 
mechanical energy. The majority of energy that we consume today is from many 
nonrenewable sources such as thermal power plants that operate on coal, and diesel 
power plants operating with the help of oil. These natural resources are limited 
in supply, and it takes thousands of years to regenerate. The usage of fossil fuels 
such as coal and oil in the generation of electricity creates massive pollution, and 
it leads to the reduction of life span to humans. To overcome this issue, an alterna-
tive energy harvesting approach had been introduced across the globe to protect 
humanity and overcome the growing energy crisis.

The conventional approach to generate electrical energy is by using an elec-
tromagnetic generator (EMG). These generators harvest effectively under the 
high frequency of mechanical energy inputs [10]. However, there is an abundant 
low-frequency mechanical energy around the globe as well as from various sources 
such as vibration, wind, water wave, human motions, and vehicle motions. These 
low-frequency motions cannot be harvested effectively using an EMG. The solution 
to this problem addressed in 2006 with the invention of nanogenerators (NGs) [11]. 
The NGs with various classifications and effects such as piezoelectric nanogenerator 
(PNG) [12–15], triboelectric nanogenerator (TENG) [16], thermoelectric generator 
(TEG) [17], and pyroelectric generator (PYG) [18] had been introduced in the past 
decades for a variety of energy harvesting and self-powered applications.

Furthermore, the energy harvesters are performing some real-time applications 
by integrating it with battery or other storage devices. Apart from energy harvest-
ing, these NG can work as a self-powered sensors such as pH sensors [19], glucose 
sensors [20], chemical sensors [21], humidity sensors [22, 23], temperature sensors 
[24], air pressure sensors [25], motion sensor [26], optical sensor [27, 28], and 
strain sensors [29]. To enhance the output power of the TENG devices, researchers 
across the globe performed the hybridization of these devices and studied the pos-
sibility of its use in extensive applications. To be used for a wide range of applica-
tions, TENG-PENG [30] hybrid had been reported with high instantaneous power 
density. Similarly, there are many reports for scavenging the water wave energy by 
TENG-EMG hybrid configuration [31]. The generated output is much higher and 
can use for GPS tracking and positioning system. A similar concept is demonstrat-
ing by using magnetic particles instead of magnets in the EMG component [32]. 
The motion of particles activates the triboelectric part of the hybrid device. The 
issues that TENGs have faced so far are its bio-compatibility, performance reduction 
concerning humidity. The problems rectified by introducing a biodegradable, edible 
TENG [33], and a fully packed water-resistant TENG. The fully packed TENG [34] 
can protect the device from humidity issues and maintains its performance for 
a more extended period. The further advancements in NGs lead to the design of 
flexible electronic-skin-based devices for sensing various parameters, microfluidic-
based devices [35], and other portable-wearable devices making NGs a sustainable 
power source. This chapter covers the basics of TENG, fundamental working modes 
of TENG and fabrication, and energy harvesting and its application in portable and 
wearable technologies.
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2. Working modes of TENG

The mechanism behind TENG is triboelectrification and electrostatic induction 
effects; with the rapid advancement in the field of nanogenerators and TENG, the 
exploration leads to the investigation of fundamental working modes of TENG, 
which covers four basic modes. The modes include a vertical contact separation 
mode, linear sliding mode, single-electrode mode, and free-standing mode. These 
modes require two different triboelectric materials with proper electrode connec-
tions with proper insulation between each layer. The combination may be either 
dielectric-dielectric or metal-dielectric arrangements. The basic principle behind all 
the four modes is that whenever there is a displacement in any of the triboelectric 
layers, the electrostatic charge movements break the electrostatic status present, 
leading to the development of potential difference between the electrodes. In the 
repeated mechanical actuation of layers with forward and reverse direction makes 
the triboelectric layer to generate forward and reverse potential between the elec-
trodes, making the positive and negative peaks in the TENG output generating the 
AC signal. The four different working modes are shown schematically in Figure 1.

2.1 Contact separation mode

In the contact separation mode TENG, the triboelectrification occurs by the 
contact and separation process of two triboelectric materials or layers, as shown in 
Figure 1a. The process may either happen between two different dielectric materi-
als or may be a dielectric and metallic layers. This model has a significant advantage 
with its simple design, easy fabrication, and low cost. This mode of TENG is also 
the first developed and demonstrated for powering low-power electronics. This 
mode of TENG can also make as a multi-unit stacking for the enhanced output 
performance.

Figure 1. 
Schematic representation of the four fundamental operating modes of TENG.
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2.2 Linear sliding mode

In the linear sliding mode, the charge generation is by the relative to and from 
sliding between the layers of TENG. The construction is almost similar to the con-
tact separation mode with electrodes attached to the back of the triboelectric layers, 
but the displacement is in sideward, as shown in Figure 1b. The sliding mode has a 
low figure-of-merits compared with the vertical contact separation mode due to its 
protracted displacement in the sliding process. The advantage of this mode is that 
it can generate more charge density with a highly effective charge generation due 
to its high contact area. Also, by introducing more grating structures, the output 
performance can be enhanced. The sliding mode TENG can also be able to operate 
rotationally with cylindrical grating structures.

2.3 Single-electrode mode

The simplest structure of TENG is the single-electrode mode TENG, but the 
output performance is too low due to the small charge transfer, making the gener-
ated voltage and current to be less, but it is highly suitable for self-powered applica-
tions. The advantage of this device is that it overcomes the application limitation 
due to the contact wire obstructing at both sides in the contact separation mode 
and sliding mode TENG devices. The basic arrangement of a single-electrode mode 
TENG is shown in Figure 1c.

2.4 Free-standing mode

The free-standing model has one electrode move freely between the two elec-
trodes or triboelectric layers. The electrodes are in a static position, and a triboelec-
tric layer without electrode can move over it. This mode of TENG device has a high 
figure-of-merits and has demonstrated high output efficiency and electrical output. 
Also, this type of device can be fabricated easily and integrated into various real-
time applications. The necessary arrangement of a single-electrode mode TENG is 
shown in Figure 1d.

3. Progress in TENG

After the invention of TENG in 2012, the field becomes an extensive investigated 
field with a vast number of researchers working and improving it until today [36]. 
The first developed TENG device is a contact separation mode device with kapton 
and polyester as the active layers [7]. Further investigation TENG leads to the 
invention of other modes in 2013 [37]. The research trend on NGs started moving 
forward from energy harvesting to self-powered sensing and actuation. The trans-
parent and flexible nanogenerators were fabricated and tested in the later stage with 
the application in e-skin and tactile sensing. The researchers’ then working towards 
hybridizing the TENG with other energy harvesters such as PENG and EMG for 
scavenging wind and water wave energy efficiently and also had performed various 
real-time applications connected to environmental monitoring. Very recently, by 
adopting these explored TENG design and operation, liquid–solid interface TENGs 
and liquid–liquid TENGs had introduced for scavenging water droplet energy [38]. 
There had been a problem in TENGs and its electrical output concerning external 
factors such as temperature and humidity. Recently, the humidity issues got recti-
fied by introducing a fully packed, waterproof TENG device by our group in 2019. 
In addition to biodegradable TENGs, an edible TENG made of regular food items 
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was designed and fabricated by our group and demonstrated powering low-power 
electronic devices. Also, the first developed TENG device has a power density in the 
range of micro watts, and today, the device had reached the power density in watts. 
The increasing power density shows that the TENGs are reliable energy harvester 
and self-powered sensors which can able to commercialize shortly and to have a 
high possibility to replace batteries. Figure 2 shows the road map, explaining the 
advancement of TENGs for various applications.

4. Fabrication of TENG device

The fabrication of a TENG device requires precise handling of the arrangement 
of triboelectric layers and electrodes. The improvement in the design of the TENG 
device is improving day-by-day. The triboelectric layer with a high surface rough-
ness delivers high electrical output. The phenomenon is that the rough surfaces 
increase the contact points of the TENG device. Each micro/nano scale rough-
ness interacts with the other triboelectric layer during its mechanical actuation. 
Therefore, the contact point multiplies the generated output as compared with the 
flat surface where the contact point is single. There are various approaches to creat-
ing surface roughness of the triboelectric layers, such as inductively coupled plasma 
etching, wet etching, lithographic technique, and casting. These techniques involve 
various advantages as well as disadvantages. The high-end lithographic and plasma 
etching techniques involve high-cost instruments and skilled operator, which is a 
disadvantage. There are various reports on simply creating surface roughness using 
cost-effective techniques such as using sandpaper as a mold. The sandpaper with 
more roughness as a mold for fabricating roughness created triboelectric layer, and 
the polymers such as PDMS and other silicon elastomer-based polymers poured on 
it, and with heat treatment, the polymer solution is then cured to form a polymeric 
film with microscale surface roughness. The other cost-effective technique reported 
is the surface modification of a used acrylonitrile butadiene styrene (ABS) polymer 
petri dish. The surface modification is done through wet etching using acetone as an 
etchant. The technique involves less time and a simple preparation process.

The ABS polymer petri dish is first washed with water and dipped in a beaker full 
of acetone for 90 s, as shown in Figure 3a, and the petri dish dried in an air atmo-
sphere at room temperature. By this time, acetone etches the surface of the petri dish, 
creating micro-roughness on its surface, as shown in Figure 3b. The PDMS polymer 
is poured into the petri dish and cured in a hot air oven to get a polymeric film. 

Figure 2. 
Design and development of TENGs from its origin to date, with various device structures, applications, and 
performances.
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Figure 3c–g shows the FE-SEM morphology of the surface of the PDMS polymer film 
made using roughness created petri dish mold. The petri dish with acetone treatment 
for a period of 90 s shows good roughness. Figure 3h shows the fabrication tech-
niques involved in the fabrication of different micro or nanoscale surface roughness.

5. TENGs as a biomechanical energy harvester

The primary purpose of a TENG device is that it can harvest mechanical energy 
from the environment. The mechanical energy can be in any form ranging from 

Figure 3. 
(a, b) Wet etching of an ABS polymer petri dish using acetone as an etchant and fabrication of mold. The 
PDMS monomer is then poured on the surface-etched mold and cured to form a roughness patterned PDMS 
film. (c–g) FE-SEM morphology showing the surface roughness of PDMS film cured in a petri dish with 
different acetone treated time and their corresponding surface roughness. (h) Fabrication techniques for micro/
nanoscale surface roughness [39].
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vibration, vehicle motion, and human body motion. To scavenge the biomechanical 
energy and use effectively for a variety of applications, an H-TENG and SS-TENG 
devices report the fabrication of wearable TENG and its performance to applications. 
Figure 4 shows the H-TENG device and its electrical performances with the applica-
tion of an emergency exit system. The H-TENG device made up of polymeric materials 
by collecting the polymeric waste materials from the house garbage bin, as shown in 
Figure 4a. The positive material is cooking aluminum foil, and the harmful tribo-
electric materials are random plastics, and the spacer material is the utensil cleaning 
sponge. The entire TENG device made of household waste shows its easy fabrication 
and competitive cost development process. The layer-by-layer schematic of H-TENG 
is shown in Figure 4b. The statistics of plastic wastes generated and creating adverse 
effect to the environment is shown in Figure 4c. The device works on vertical contact 
separation mode, as shown in Figure 4d. The device successfully used for scavenging 
waste mechanical energy from the human finger, palm, hand, and leg motions, as 
shown in Figure 4e with their corresponding electrical response. The electrical output 
of the H-TENG device made of various polymers was measured in the laboratory 
using a linear motor, and their corresponding voltage and current responses are shown 
in Figure 4f. The devices were constantly powering at a maximum of 20 V/300 nA 
response. At last, the fabricated H-TENG device was used for an emergency exit LED 
lighting system, indicating the exit direction, as shown in Figure 4g.

In a similar approach, an SS-TENG device fabricated for scavenging biomechani-
cal energy by placing it on the seating chair. The whole process of SS-TENG from 
the schematic, electrical response and applications are shown in Figure 5. The 
device consists of interdigitated electrodes (IDE) made of aluminum is attached to 
the bottom side of a Kapton film. The kapton film acts as a negative triboelectric 
layer, and the contact materials were bus cards, polyethylene cover, jeans cloth, 

Figure 4. 
(a) Fabrication materials of TENG device using recycled waste polymer wrappers from household things. 
(b) Schematic of the household H-TENG device. (c) Statistics of generated plastic waste all over the world. 
(d) Contact-separation working mechanism of H-TENG device. (e) Scavenging waste mechanical energy 
from H-TENG device. (f) Voltage and current response of the H-TENG devices made with different type of 
polymers. (g) Applications of H-TENG device showing the emergency exit with LED indication [40].
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and newspaper. The schematic of the SS-TENG device is shown in Figure 5a. The 
SS-TENG device works on a single-electrode mode triboelectrification. The working 
mechanism of SS-TENG device with single-electrode mode configuration is shown 
in Figure 5b. Figure 5c shows the electrical output response of the device showing 
a maximum power of 6.5 μW at 10 MΩ resistance. The device also has high stability 
power continuously for 2000 s without variation in the electrical response. The 
device is then placed in the pant pocket and measured the electrical response under 
walking, running, and sitting mechanical motions.

6. TENG for the portable-wearable power source

Besides scavenging biomechanical energy, TENGs can also use as a portable-
wearable power sources. By making a design suitable for a portable and wearable 
process utilizing the appropriate working mode, TENGs can then be used for the 
mentioned applications. Many researchers have been working on textile-based 
nanogenerators for wearable applications. These devices use bio-compatible 
materials as triboelectric layers with the content of fabrics and making it suitable 
for wearable applications. The advancement in the wearable TENGs can be able to 
use as a wearable sensor as well as be used as a health monitoring device also. The 
chapter discusses a smart mobile pouch TENG (SMP-TENG) showing the portable 
quality of the TENG device. Along with that, a smart backpack TENG (SBP-TENG) 
demonstrates the energy harvesting and the wearable part.

The SMP-TENG works on the wearable part with the sliding mode. The poly-
meric layer made of kapton was deposited with the IDE electrode and attached in 
the mobile phone, which interacts with the triboelectric layer (contact materials) on 
the mobile pouch. The contact materials tested here are polyester, jeans, cotton, and 
nylon. Figure 6a shows the schematic of the SMP-TENG device with IDE electrode 

Figure 5. 
(a) Schematic of SS-TENG device showing different layers and the logic circuit used for powering electronic 
displays and LEDs. (b) Working mechanism of SS-TENG device operating with single-electrode mode. (c) 
Electrical response of SS-TENG and its application as a smart seat [41].
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and contact materials. The working mechanism of SMP-TENG is sliding mode, with 
the contact materials slides over the kapton layer, as shown in Figure 6b. Figure 6c 
shows the electrical response of the device with contact materials. Among the four 
different contact materials, nylon generates a high electrical output of 150 V and 
305 μA. Also, the SMP-TENG device was used to transfer the generated electrical 
output wirelessly using transmitter and receiver antennas.

Similarly, an SBP-TENG device also fabricated with the free-standing triboelec-
tric made and attached to the commercial backpack. The free-standing layer here is 
the fabric that we wear every day. The device performance got tested with various 
fabric materials such as polyethylene, jeans, cloth, cotton, paper, and wool. A multi-
unit SBP-TENG was constructed and attached continuously in the backpack as four 
units. The four devices connected in parallel electrical connection. Figure 7a shows 
the four TENG units connected in parallel, and the inset shows the backpack with 
TENG devices attached on the backside.

Figure 7b shows the electrical response of the device concerning the number 
of units connected in parallel. The voltage remains constant, and the current of 
the devices increases every fold with the addition of devices in parallel connection. 
Figure 7c,d shows the capacitor charging performance to increase in the TENG 
device under a parallel connection. The charging performance also increases, which 
is due to the high current with the increase in the number of devices. The electrical 
response for the weight of the bag is shown in Figure 7e. When the weight of the 
bag increases, the motion of the bag would be restricted; therefore, the electrical 
output of the device would decrease. The LED is flashed, as shown in Figure 7f and 
g, with the help of a capacitor and a switch. Whenever the bag moves, the capacitor 
gets charges due to the actuation of the TENG device; during the emergency times, 
the switch would be operated to give a flashlight.

Figure 7f shows the capacitor charging and discharging with the switch ON 
and OFF. The electrical response of the device under various contact materials is 
given in Figure 7h and i, where the wool as contact materials shows high output 
with the voltage of 250 V peak-to-peak and the current of 12 μA. Figure 7j and k 
shows the voltage and current response of wool material with the peak pattern. 
The force analysis of SBP-TENG at different weights of the backpack and their 
respective electrical responses are shown in Figure 7l and m. Finally, the real-time 
electrical response is shown in Figure 7n with the backpack worn by a person, and 

Figure 6. 
(a) Schematic of a smart mobile pouch TENG device. (b) Working mechanism of SMP-TENG device 
operating in a free-standing triboelectrification mode. (c) Electrical response of SMP-TENG using various 
contact materials [42].
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the electrical response was monitored under various biomechanical motions such 
as walking, running, and bending. The devices show pleasant repose under the dif-
ferent mechanical motions proving that the SBP-TENG is a promising candidate for 
scavenging biomechanical energy and for being used under emergencies.

7. Smart toy TENG

Very recently, researchers were taken a step towards the easy commercialization 
of TENG in a new way by making it a direct commercial product. TENGs have made 
as a toy which can make the children not to get addicted to electronic gadgets. The 
researchers have shown that the TENG could be made as a toy and sell it as a com-
mercial product. As an idea, TENGs packed with various toys such as clapping toys, 
duck toys, puzzles, and computer mouse. The clapping toy makes a clapping sound, 
in which the contact and separation triboelectric layers were introduced between 
the clapping layers of the clapping toys.

The generated electric power was used to lit up green LEDs, as shown in 
Figure 8a. Figure 8b shows the puzzle TENG. A free-standing device made of 
PDMS and aluminum was attached to the puzzle board. The puzzle pieces have the 
other contact material, and the positions are kept different in each piece. The right 
piece can match with the other triboelectric layer, which placed on the exact match-
ing area on the puzzle board. Whenever the correct piece matches, the liquid crystal 
display (LCD) shows “C” indicating “correct” in its display. The smart duck toy 
usually makes noise upon pressing its middle part. The similar concept used here 
by placing a TENG device placed in the middle of the duck toy connected with two 
LEDs in the eye portion, as shown in Figure 8c. The smart computer mouse uses a 
sliding mode triboelectrification with IDE electrodes attached to the bottom of the 
mouse and slides over various contact materials used in the mouse pad. This device 
glows a few LEDs, lit up an LCD, and charges a Li-ion battery. The improvement of 

Figure 7. 
(a–e) Electrical response of SBP-TENG device showing its electrical response under parallel connections with 
four units. (f) Cyclic stability study by charging and discharging a 1 μF capacitor. (g) Emergency LED flash 
using a switch and a capacitor. (h and i) Electrical response of SBP-TENG with various contact materials 
and the maximum response obtained with wool. (j and k) Voltage and current responses of SBP-TENG with 
wool. (l–n) The electrical response of SBP-TENG under biomechanical motions such as walking, running, and 
bending [39].
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the device makes the mouse work without battery power source: the schematic and 
electrical response of the smart mouse TENG as shown in Figure 8d.

8. Edible TENG

Biodegradable and edible TENGs have recently been fabricated using edible 
materials. This approach utilizes the TENGs for implantable applications without 
being toxic to the human body and the environment. In general, TENG devices 
made of triboelectric materials, which are either polymer or metals. They usually 
create pollution in various ways depends on the toxicity levels and properties of 
the materials used. This section of the book shows an edible TENG made of laver 
(seaweed) as a triboelectric layer and an edible silver foil as an electrode. The tribo-
electric layer and electrode were attached to a rice sheet, which acts as a substrate 
for the active layer. Figure 9a–e shows the step-by-step fabrication process of an 
edible TENG device with its various layers. The TENG operated under a single-elec-
trode mode and contacted day-to-day usage materials such as paper, tissue paper, 
polyvinyl chloride (PVC), and fluorinated ethylene propylene (FEP). The toxicity 
level and biocompatibility of the edible TENG device tested with 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay, cell imaging, and 
4′,6-diamidino-2-phenylindole (DAPI). The results prove that the triboelectric 
layer is biocompatible and allows the cells to grow on it. The cell growth that 
verifies under a confocal microscope and the imaging shows a blue color pattern in 
Figure 9f. Figure 9g demonstrates the real-time application of powering various 
electronic components such as a hygrometer, wristwatch, and LEDs using a capaci-
tor and a switch. The electrical response and stability of the edible TENG device 

Figure 8. 
(a) Schematic and device fabrication of a smart clapping toy TENG. (b) Schematic and operation of a smart 
puzzle TENG. (c) Schematic of a smart toy TENG. (d) Schematic and electrical response of smart mouse 
TENG [43, 44].
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are shown in Figure 9h with the maximum output response, with its interaction 
with FEP. The results prove that the edible TENG is highly suitable for implantable 
devices and also in the applications related to biomedical electronics.

9. Fully packed-water proof TENG

There are several drawbacks of TENG devices overcome by introducing vari-
ous solutions, techniques, and fabrication designs. The major drawback that 
TENGs are facing from the day of its invention is that its electrical performance 
had affected under humidity. Recently, this issue had overcome by introduc-
ing a fully packed, waterproof TENG (WP-TENG) device where it can work 
even underwater as well as in high humidity. Figure 9 shows the schematic of 
a fully packed WP-TENG and its electrical response. The device made of nickel 
foam as a positive triboelectric layer, and roughness created PDMS as a negative 
triboelectric layer, as shown in Figure 10a, and the FE-SEM shows the layers in 
microscale in Figure 10b–d. The device was packed on either side with a polymer 
casing and sealed using a pouch laminator, as shown in Figure 10e. The device is 
extremely lightweight and weighs around 1.9 g, which is shown in Figure 10f. The 
waterproof ability of the device is tested by dipping the device underwater and 
is shown in Figure 10g. The device shows an excellent electrical response of 80 V 
and a maximum instantaneous power density of 4 mW/m2. The water resistance 
capability of the device is shown in Figure 10j in which the device submerged 
into the water for a period of 24 h, and the corresponding response in between 
the intervals is measured. The response was stable for the entire time without 
affecting its performance. The electrical response and performance of the device 
are shown in Figure 10h–j. The electrical response to humidity is measured using 
a homemade humidity chamber, and the device was tested with the application 
of various percentages of relative humidity. The output is stable from 0% RH to 
90% RH. Figure 10k–m shows the electrical response of humidity studies and the 

Figure 9. 
(a–e) Fabrication of edible TENG device using laver as triboelectric layer and silver foil as an electrode with a 
rice sheet as a substrate. (f) MTT assay and cell viability test. (g) Powering up various electronic devices. (h) 
Electrical response analysis and stability test of the edible TENG device [45].
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homemade chamber used. This study of WP-TENG shows that the device is capable 
of using in harsh and humid weather and environmental conditions.

10. Conclusions

In summary, the development of TENG as a sustainable, portable, and wearable 
power source focuses on the trend of miniaturization, energy harvesting, and self-
powered electronics. The rapid advancement of energy harvesting using nanogene-
rators brought the possibility to power electronic devices from the waste mechanical 
energy in the environment. The development of TENG has reached to the bulk and 
scalable fabrication and started to get commercialized. Further advancement in 
TENG as flexible construction would be easier to harvest day-to-day mechanical 
energy from human motions. The construction of TENGs as a flexible power source 
would pave the way towards a more reliable and sustainable power source and the 
possibility to replace the battery shortly.

Figure 10. 
(a) Schematic and layers of waterproof TENG device. (b–d) FESEM image showing the cross-section of 
WP-TENG device with both the layers, morphology of nickel foam and roughness PDMS. (e) Fully packed 
device. (f) Lightweight device weight. (g) Waterproof capability. (h) Load resistance vs. power density 
analysis. (i) Rectified voltage. (j) Water-resistant analysis with different time duration (k and l) humidity 
with output analysis. (m) Homemade humidity chamber for the analysis [34].



Nanogenerator

14

Author details

Venkateswaran Vivekananthan1, Arunkumar Chandrasekhar2,  
Nagamalleswara Rao Alluri1, Yuvasree Purusothaman1, Gaurav Khandelwal1  
and Sang-Jae Kim1*

1 Nanomaterials and Systems Lab, Major of Mechatronics Engineering, Faculty of 
Applied Energy Systems, Jeju, South Korea

2 Department of Sensors and Biomedical Engineering, Vellore Institute of 
Technology, India

*Address all correspondence to: kimsangj@jejunu.ac.kr

Acknowledgements

This work was supported by the Basic Science Research Program through 
the National Research Foundation of Korea (NRF) grant funded by the Korean 
Government (MSIT) (2018R1A4A1025998, 2019R1A2C3009747).

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



15

Triboelectric Nanogenerators: Design, Fabrication, Energy Harvesting, and Portable-Wearable…
DOI: http://dx.doi.org/10.5772/intechopen.90951

References

[1] Zhao C, Feng H, Zhang L, Li Z, 
Zou Y, Tan P, et al. Highly efficient In 
vivo cancer therapy by an implantable 
magnet triboelectric nanogenerator. 
Advanced Functional Materials. 
2019;29(41):1808640

[2] Zheng Q , Shi B, Fan F, Wang X, 
Yan L, Yuan W, et al. In vivo powering 
of pacemaker by breathing-
driven implanted triboelectric 
nanogenerator. Advanced Materials. 
2014;26(33):5851-5856

[3] Moreno S, Baniasadi M, 
Mohammed S, Mejia I, Chen Y, 
Quevedo-Lopez MA, et al. Biocompatible 
collagen films as substrates for flexible 
implantable electronics. Advanced 
Electronic Materials. 2015;1(9):1500154

[4] Zheng Q , Zhang H, Shi B, Xue X, 
Liu Z, Jin Y, et al. In vivo self-powered 
wireless cardiac monitoring via 
implantable triboelectric nanogenerator. 
ACS Nano. 2016;10(7):6510-6518

[5] Vivekananthan V, Alluri NR, 
Chandrasekhar A, Purusothaman Y, 
Gupta A, Kim S-J. Zero-power 
consuming intruder identification 
system by enhanced piezoelectricity 
of K0.5Na0.5NbO3 using substitutional 
doping of BTO NPs. Journal of Materials 
Chemistry C. 2019;7:7563-7571

[6] Park K-I, Son JH, Hwang G-T, 
Jeong CK, Ryu J, Koo M, et al. Highly-
efficient, flexible piezoelectric PZT 
thin film nanogenerator on plastic 
substrates. Advanced Materials. 
2014;26(16):2514-2520

[7] Fan F-R, Tian Z-Q , Lin WZ. Flexible 
triboelectric generator. Nano Energy. 
2012;1(2):328-334

[8] Lee S, Hinchet R, Lee Y, 
Yang Y, Lin Z-H, Ardila G, et al. 
Ultrathin nanogenerators as self-
powered/active skin sensors for tracking 

eye ball motion. Advanced Functional 
Materials. 2014;24(8):1163-1168

[9] Song P, Kuang S, Panwar N, Yang G, 
Tng DJH, Tjin SC, et al. A self-powered 
implantable drug-delivery system using 
biokinetic energy. Advanced Materials. 
2017;29(11):1605668

[10] Vivekananthan V, Kim WJ, 
Alluri NR, Purusothaman Y, 
Abisegapriyan KS, Kim S-J. A sliding 
mode contact electrification based 
triboelectric-electromagnetic hybrid 
generator for small-scale biomechanical 
energy harvesting. Micro and Nano 
Systems Letters. 2019;7(1):14

[11] Wang ZL, Song J. Piezoelectric 
nanogenerators based on zinc 
oxide nanowire arrays. Science. 
2006;312(5771):242-246

[12] Vivekananthan V, Alluri NR, 
Purusothaman Y, Chandrasekhar A, 
Kim S-J. A flexible, planar energy 
harvesting device for scavenging 
road side waste mechanical energy 
via the synergistic piezoelectric 
response of K0.5Na0.5NbO3-BaTiO3/
PVDF composite films. Nanoscale. 
2017;9(39):15122-15130

[13] Vivekananthan V, Chandrasekhar A, 
Alluri NR, Purusothaman Y, Joong 
Kim W, Kang C-N, et al. A flexible 
piezoelectric composite nanogenerator 
based on doping enhanced lead-free 
nanoparticles. Materials Letters. 
2019;249:73-76

[14] Maria Joseph Raj NP, Alluri NR, 
Vivekananthan V, Chandrasekhar A, 
Khandelwal G, Kim S-J. Sustainable 
yarn type-piezoelectric energy harvester 
as an eco-friendly, cost-effective 
battery-free breath sensor. Applied 
Energy. 2018;228:1767-1776

[15] Alluri NR, Vivekananthan V, 
Chandrasekhar A, Kim S-J. Adaptable 



Nanogenerator

16

piezoelectric hemispherical composite 
strips using a scalable groove technique 
for a self-powered muscle monitoring 
system. Nanoscale. 2018;10(3):907-913

[16] Chandrasekhar A, Vivekananthan V, 
Khandelwal G, Kim S-J. A Sustainable 
Human-Machine Interactive 
Triboelectric Nanogenerator towards 
a Smart Computer Mouse. United 
states: ACS Sustainable Chemistry & 
Engineering; 2019;7:7177-7182

[17] Yang Y, Guo W, Pradel KC, Zhu G, 
Zhou Y, Zhang Y, et al. Pyroelectric 
nanogenerators for harvesting 
thermoelectric energy. Nano Letters. 
2012;12(6):2833-2838

[18] Bowen CR, Taylor J, 
LeBoulbar E, Zabek D, Chauhan A, 
Vaish R. Pyroelectric materials and 
devices for energy harvesting applications. 
Energy & Environmental Science. 
2014;7(12):3836-3856

[19] Alluri NR, Selvarajan S, 
Chandrasekhar A, Balasubramaniam S, 
Jeong JH, Kim S-J. Self powered 
pH sensor using piezoelectric 
composite worm structures derived 
by ionotropic gelation approach. 
Sensors and Actuators B: Chemical. 
2016;237:534-544

[20] Selvarajan S, Alluri NR, 
Chandrasekhar A, Kim S-J. BaTiO3 
nanoparticles as biomaterial film for 
self-powered glucose sensor application. 
Sensors and Actuators B: Chemical. 
2016;234:395-403

[21] Dey G, Venkateswarulu M, 
Vivekananthan V, Pramanik A, 
Krishnan V, Koner RR. Sub-picomolar 
recognition of Cr3+ through bioinspired 
organic–inorganic ensemble utilization. 
ACS Sensors. 2016;1(6):663-669

[22] Vivekananthan V, Alluri NR, 
Purusothaman Y, Chandrasekhar A, 
Selvarajan S, Kim S-J. Biocompatible 
collagen nanofibrils: An approach 

for sustainable energy harvesting 
and battery-free humidity sensor 
applications. ACS Applied Materials & 
Interfaces. 2018;10(22):18650-18656

[23] Chang T-H, Peng Y-W, Chen C-H, 
Chang T-W, Wu J-M, Hwang J-C, et al. 
Protein-based contact electrification 
and its uses for mechanical energy 
harvesting and humidity detecting. 
Nano Energy. 2016;21:238-246

[24] Maria Joseph Raj NP, Alluri NR, 
Chandrasekhar A, Khandelwal G, Kim 
S-J. Self-powered ferroelectric NTC 
thermistor based on bismuth titanate. 
Nano Energy. 2019;62:329-337

[25] Alluri NR, Chandrasekhar A, 
Kim S-J. Exalted electric output via 
piezoelectric–triboelectric coupling/
sustainable butterfly wing structure 
type multiunit hybrid nanogenerator. 
ACS Sustainable Chemistry & 
Engineering. 2018;6(2):1919-1933

[26] Chandrasekhar A, Alluri NR, 
Saravanakumar B, Selvarajan S, Kim 
S-J. A microcrystalline cellulose 
ingrained polydimethylsiloxane 
triboelectric nanogenerator as a 
self-powered locomotion detector. 
Journal of Materials Chemistry C. 
2017;5(7):1810-1815

[27] Purusothaman Y, Alluri NR, 
Chandrasekhar A, Vivekananthan V, 
Kim S-J. Direct In situ hybridized 
interfacial quantification to 
stimulate highly flexile self-powered 
photodetector. The Journal of Physical 
Chemistry C. 2018;122(23):12177-12184

[28] Purusothaman Y, Alluri NR, 
Chandrasekhar A, Vivekananthan V, 
Kim SJ. Regulation of charge carrier 
dynamics in ZnO microarchitecture-
based UV/visible photodetector via 
photonic-strain induced effects. Small. 
2018;14(11):1703044

[29] Wang L, Liu S, Wang Z, Zhou Y, 
Qin Y, Wang ZL. Piezotronic effect 



17

Triboelectric Nanogenerators: Design, Fabrication, Energy Harvesting, and Portable-Wearable…
DOI: http://dx.doi.org/10.5772/intechopen.90951

enhanced photocatalysis in strained 
anisotropic ZnO/TiO(2) nanoplatelets 
via thermal stress. ACS Nano. 
2016;10(2):2636-2643

[30] Wang S, Wang ZL, Yang Y. A 
one-structure-based hybridized 
nanogenerator for scavenging 
mechanical and thermal energies by 
triboelectric-piezoelectric-pyroelectric 
effects. Advanced Materials. 
2016;28(15):2881-2887

[31] Wang H, Zhu Q , Ding Z, Li Z, 
Zheng H, Fu J, et al. A fully-packaged 
ship-shaped hybrid nanogenerator 
for blue energy harvesting toward 
seawater self-desalination and self-
powered positioning. Nano Energy. 
2019;57:616-624

[32] Vivekananthan V, 
Chandrasekhar A, Alluri NR, 
Purusothaman Y, Khandelwal G, 
Pandey R, et al. Fe2O3 magnetic particles 
derived triboelectric-electromagnetic 
hybrid generator for zero-power 
consuming seismic detection. Nano 
Energy. 2019;64:103926

[33] Zheng Q , Zou Y, Zhang Y, Liu Z, 
Shi B, Wang X, et al. Biodegradable 
triboelectric nanogenerator as a 
life-time designed implantable 
power source. Science Advances. 
2016;2(3):e1501478

[34] Chandrasekhar A, Vivekananthan V, 
Khandelwal G, Kim SJ. A fully packed 
water-proof, humidity resistant 
triboelectric nanogenerator for 
transmitting Morse code. Nano Energy. 
2019;60:850-856

[35] Purusothaman Y, Alluri NR, 
Chandrasekhar A, Venkateswaran V, Kim 
S-J. Piezophototronic gated optofluidic 
logic computations empowering 
intrinsic reconfigurable switches. Nature 
Communications. 2019;10(1):4381

[36] Shi Q , He T, Lee C. More than 
energy harvesting–combining 

triboelectric nanogenerator and flexible 
electronics technology for enabling 
novel micro−/nano-systems. Nano 
Energy. 2019;57:851-871

[37] Yang Y, Zhou YS, Zhang H, Liu Y, 
Lee S, Wang ZL. A single-electrode 
based triboelectric nanogenerator as 
self-powered tracking system. Advanced 
Materials. 2013;25(45):6594-6601

[38] Nie J, Wang Z, Ren Z, Li S, 
Chen X, Lin WZ. Power generation 
from the interaction of a liquid droplet 
and a liquid membrane. Nature 
Communications. 2019;10(1):2264

[39] Chandrasekhar A, Alluri NR, 
Vivekananthan V, Purusothaman Y, 
Kim S-J. A sustainable freestanding 
biomechanical energy harvesting 
smart backpack as a portable-wearable 
power source. Journal of Materials 
Chemistry C. 2017;5(6):1488-1493

[40] Khandelwal G, Chandrasekhar A, 
Alluri NR, Vivekananthan V, Maria 
Joseph Raj NP, Kim S-J. Trash to energy: 
A facile, robust and cheap approach for 
mitigating environment pollutant using 
household triboelectric nanogenerator. 
Applied Energy. 2018;219:338-349

[41] Chandrasekhar A, Alluri NR, 
Saravanakumar B, Selvarajan S, Kim 
S-J. Human interactive triboelectric 
nanogenerator as a self-powered 
smart seat. ACS Applied Materials & 
Interfaces. 2016;8(15):9692-9699

[42] Chandrasekhar A, Alluri NR, 
Sudhakaran MSP, Mok YS, Kim S-J. A 
smart mobile pouch as a biomechanical 
energy harvester towards self-
powered smart wireless power 
transfer applications. Nanoscale. 
2017;9(28):9818-9824

[43] Chandrasekhar A, Khandelwal G, 
Alluri NR, Vivekananthan V, Kim S-J. 
Battery-free electronic smart toys: A 
step toward the commercialization 
of sustainable triboelectric 



Nanogenerator

18

nanogenerators. ACS Sustainable 
Chemistry & Engineering. 
2018;6(5):6110-6116

[44] Chandrasekhar A, Alluri NR, 
Vivekananthan V, Park JH, Kim S-J. 
Sustainable biomechanical energy 
scavenger toward self-reliant kids’ 
interactive battery-free smart puzzle. 
ACS Sustainable Chemistry & 
Engineering. 2017;5(8):7310-7316

[45] Khandelwal G, Minocha T, 
Yadav SK, Chandrasekhar A, Maria 
Joseph Raj NP, Gupta SC, et al. All 
edible materials derived biocompatible 
and biodegradable triboelectric 
nanogenerator. Nano Energy. 
2019;65:104016


