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Preface

This book introduces technological developments in the field of energy conversion.
Currently, various energy conversion technologies are available, such as photovol-
taic cells, electromagnetic generators, and so on. This book introduces a new energy
conversion device called a “nanogenerator.” It focuses on two types of nanogenera-
tors: triboelectric and piezoelectric. Chapters cover fundamental topics such as
material identification, synthesis processes, device fabrication, and self-powered
applications. Detailed results from research in the field are also provided.

Moreover, the book discusses the concept of wearable, portable, and implantable
devices and their importance in our daily lives. Stretchable electrodes play a signifi-
cant role in wearable devices and this book examines the design of electrode materi-
als for stretchable triboelectric nanogenerators. The information contained herein
will help researchers to generate more ideas and techniques for triboelectric and
piezoelectric nanogenerators as well as future inventions.

Sang Jae Kim and Nagamalleswara Rao Alluri
Jeju National University,
South Korea

Arunkumar Chandrasekhar
Vellore Institute of Technology University,
India
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Chapter1

Triboelectric Nanogenerators:
Design, Fabrication, Energy
Harvesting, and Portable-
Wearable Applications

Venkateswarvan Vivekananthan, Arunkumar Chandrasekhar,
Nagamalleswara Rao Alluri, Yuvasree Purusothaman,
Gaurav Khandelwal and Sang-Jae Kim

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.
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Figure 1.
Schematic vepresentation 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 hasa
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. Progressin 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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Figure 2.
Design and development of TENGs from its origin to date, with various device structures, applications, and
performances.

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 isa
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.



Nanogenerators

(e} d 2
10 sec
10pm

e e e e R = e i e e T o e e S S e |

TR A T e L i R S T R 3 s P B R o R A T A s TR s |

(h)

Fabrication Techniques for
Micro/Nano Scale Surface roughness

Lithography Plasma Treatment

Dry/Wet Etching Casting

o

Figure 3.

( a,gb) 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].

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
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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 HTENG 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 HTENG 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,
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Figure 4.

( a§ Fabrication materials of TENG device using vecycled 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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(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].

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 5¢c shows the electrical output response of the device showing
a maximum power of 6.5 pW at 10 MQ 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

10
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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 6¢c
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 pA. 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 pA. 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 71 and m. Finally, the real-time
electrical response is shown in Figure 7n with the backpack worn by a person, and

(a) —

=005

®eT

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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Figure 7.

( aﬁe) Electrical vesponse of SBP-TENG device showing its electrical response under parallel connections with
four units. (f) Cyclic stability study by chavging and discharging a 1 uF 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 curvent vesponses of SBP-TENG with
wool. (I-n) The electrical vesponse of SBP-TENG under biomechanical motions such as walking, running, and
bending [39].

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
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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].

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
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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].

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/m”. 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
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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-vesistant analysis with different time duration (k and 1) humidity
with output analysis. (m) Homemade humidity chamber for the analysis [34].

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.
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Chapter2

Design of Electrode Materials
for Stretchable Triboelectric
Nanogenerators

Zhen Wen

Abstract

Triboelectric nanogenerator (TENG), a recently emerging technology that is
based on the combination of triboelectric effect and electrostatic induction, has
been found to be a promising strategy to harvest large amount of underutilized
and low-frequency mechanical energy. One major challenge for TENGs is that the
practical application requires flexible, deformable, multifunctional materials to
ensure its favorable accommodation to arbitrary surfaces or moving object or harsh
environment. Recent research interests mainly focus on the design and fabrication
of electrode materials for TENG, making it a perfect candidate for wearable power
source. In this chapter, we will introduce a couple of recent achievements regard-
ing highly flexible/deformable TENGs based on stretchable electrodes, including
geometrically designed electrode, mixture of conductive materials with elastomeric
materials and intrinsically stretchable electrode, etc. In addition, we will address
stretchable and self-healing electrodes of flexible TENGs for potential wearable and
implantable electronics.

Keywords: triboelectric nanogenerator, electrode design, stretchable electrodes,
self-healing, wearable electronics

1. Introduction

Rapid advancement of mobile and portable electronics for health care, environ-
mental sensing and communication is a prominent trend in IoT times [1, 2]. Thus,
developing corresponding wearable energy sources to satisfy the wearing demand
is of great significance to enhance life quality [3]. There is abundant energy around
us in various forms, such as solar energy, thermal energy, mechanical energy etc.,
which can be converted into electrical energy utilizing energy harvesting tech-
niques. Among them, mechanical energy could be the most extensively distributed
one. Nevertheless, mechanical energies like human motion, wind blowing, and
ocean waves are almost neglected and wasted in daily life. In 2012, Fan et al. [4]
demonstrated a mechanical energy harvester, triboelectric nanogenerator (TENG)
based on the coupling effects of triboelectrification and electrostatic induction.
Taking advantages of high voltage output, TENG can be used to power commercial
digital electronics and can even directly light up LED lights.

In addition to the high electrical output performance, TENG also possesses
advantages of light weight, wide-ranging material selection, simple fabrication
process, etc. so that it could be regarded as a promising energy source for wearable
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electronics [5]. In recent years, tremendous efforts have been put into the develop-
ment of flexible TENGs which can be attached on human body to harvest human
motion energy like walking, patting or twisting [6-8]. Moreover, stretchability of
TENG is essential since stretching behaviors happen frequently in human motions
such as joint motions. So far, stretchable TENGs show extensive application in
many fields, ranging from body mechanical energy harvesting, wearable sensors
to monitor human health as well as biocompatible e-skin. The key challenge to
fabricate stretchable TENG is to choose stretchable triboelectric materials and
electrode materials which are the two main components for TENG [9]. For stretch-
able triboelectric materials, different kinds of elastomers (PDMS, silicone rubber,
VHB, etc.) are the main source due to their softness and stretchability as well as the
excellent triboelectric properties.

For stretchable electrode materials, we will introduce three main fabricating
strategies in this chapter regarding different properties of conductive materials,
including (i) geometrically design of rigid conductive materials, (ii) mixture of
conductive materials with elastomers, (iii) intrinsically stretchable and conductive
materials. In addition, we will also involve stretchable and self-healing conductive
materials. Once the materials are over-stretched, self-healing capability enables
the device to last longer lifetime. Meanwhile, the fabrication process of stretch-
able TENG based on these stretchable electrodes will be discussed as well. Herein,
we only involve single-electrode TENG and contact-separation TENG. It should
be noted that in some cases of contact and separation mode TENG, stretchable
electrode materials can be treated as electrode materials and one of the triboelectric
materials at the same time [10, 11].

2. Strategies of stretchable electrodes for TENGs
2.1 Geometrical design of rigid conductive materials

Rigid conductive materials, such as carbon papers, metal foils/wires, certain
polymer thin films are all excellent candidates for the electrodes for TENG. But
their low strain deformations limit their application in flexible and stretchable
TENGs which is a promising developing trend for wearable electronics. In order to
overcome this challenge, geometrical designs and engineering have been developed
to endow these rigid conductive materials with certain stretchability. Herein, we
will introduce several common geometrical engineering strategies.

Wave structural configuration can effectively accommodate large strain to avoid
potential fracture of the rigid electrode materials themselves. Such wavy-shaped
electrode can be achieved by deposition, coating or transferring the conductive thin
film on the pre-stretched elastomeric substrate [14-17]. As Figure 1a shows, Wen
et al. demonstrated a transparent and stretchable triboelectric nanogenerator based
on wrinkled PEDOT:PSS electrode. In this work, poly(dimethylsiloxane) (PDMS)
is pre-stretched and fixed on a flat glass panel, which is employed as the elastomeric
substrate. Then the conductive material PEDOT:PSS film is blade-coated on this
substrate. After releasing the sample from the panel, a wavy-shaped electrode is
spontaneously formed (Figure 1b). Finally, a stretchable TENG can be obtained
by inserting the Al foil as lead wire and encapsulating the whole device with
additional PDMS [12]. Such a device is not only applied as body motion harvester
but also as the active motion sensor attaching on human skin. Moreover, Figure 1c
illustrates the fabrication process of a stretchable, transparent and self-healable
TENG based on a buckled Ag-PEDOT electrode. The stretchability of this electrode
is also achieved via a prestrain of substrate (H-PDMS)-transfer of conductive film
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Figure 1.

Geometrical design of wave structural configuration for rigid materials. (a) Fabrication process of wavy-
structured PEDOT:PSS film based triboelectric nanogenerator. (b) SEM image of a wavy-structured
PEDOT:PSS film on an elastic PDMS substrate (up: Front view, down: Side view) and electrode in stretched
and original state. Reproduced with permission [12]. Copyright 2018 WILEY-VCH (c) fabrication procedures
of the Ag-PEDOT based stretchable electrode and the final soft TENG. Reproduced with permission [13].
Copyright 2018 American Chemical Society.

(Ag-PEDOT)-release of prestrain process. PEDOT here is spin-coated on the Ag
NW film at first as an adhesive agent to anchor the networks for successful transfer
[13]. Besides, in terms of self-healable ability, we will discuss about it later in this
chapter which is also a significant property for stretchable electrodes. In both cases
above, the ultimate stretchability of the electrodes is determined by the prestrain
level of the elastomeric substrate.

Another strategy to configure stretchable electrode for TENG is to operate geo-
metrical engineering to the existing rigid materials themselves since it is difficult for
some conductive rigid materials to adhere to the prestrained substrate. As depicted
in Figure 2a [18], the wavy structure could be realized easily through paper-folding
method. The fabrication process of this stretchable TENG based on sandpaper
including following steps: Firstly, the conductive paper is obtained by pencil drawing
on the sandpaper. Secondly, the stretchable electrode is achieved by folding the paper
into wavy structure. Lastly, the stretchable TENG is fabricated by sealing the carbon
paper electrode inside silicone rubber. The ultimate stretchability of this electrode
depends on the folding angle of the carbon paper. Take two folds as an example, the
length of the electrode after stretching L, can be describe as

Lmux = L%in% (1)

Where L, is the original length of electrode before stretching, € is the fold-
ing angle (Figure 2b). It should be noted that the ultimate stretchability of such
stretchable TENG should be determined by a lower one after comparing the stretch-
ability of silicone rubber and folded electrode. Here in Zhou’s work, the folded
carbon paper electrode determines the ultimate stretchability of the entire device.
In addition, Figure 2c shows that Xie et al. [19] proposed a fiber-shaped stretchable
TENG based on the geometric engineering of a steel wire electrode. The steel wire
is designed into spiral structure possessing certain stretchability. Subsequently,
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Gegometrical engineering of the existing rigid materials for stretchable purpose. (a) Fabrication process of
wavy-structured carbon paper electrode and the final TENG. (b) the geometrical velationship between
maximum stretchability and folding angle 0. reproduced with permission [18] copyright 2018 springer nature.
(c) Fabrication process of the spiral steel wire electrode based TENG. Reproduced with permission [19]
copyright 2019 springer.

by inserting such spiral steel wire into silicone rubber, a fiber-shaped stretchable
TENG could be obtained. Similar to the previous example, the ultimate strain of
this device is also determined by the strain level of the spiral steel wire since the
maximum strain level of silicone rubber is much better than these geometrically
designed rigid materials. Besides energy harvesting, these fiber-shaped stretchable
TENGs are woven into gloves to act as gesture sensor.

The stretchability of rigid materials can also be acquired via kirigami archi-
tecture. Asillustrated in Figure 3a, a silver-coated nylon yarn is employed as the
electrode, for which the stretchability is achieved by zigzag arrangement and
rhombus interlaced network. Stretchable and soft silicone rubber is selected to seal
the yarn electrode network. When tensile strength is applied, the electrode network
could be stretched due to gradually straightened zigzag structure and extension of
rhombic region (Figure 3b). The ultimate stretchability of the TENG is determined
by the thickness of the silicone rubber and the basic unit of network electrode
including the height # and the length ! (Figure 3c). With the s and [ of 1.24 mm and
d of 2.8 mm, the TENG can be stretched to 30% stain, which is eligible for e-skin
and pressure sensing application [20]. Origami strategies like Figure 3d [21] and
Figure 3e [22] can also endow the brittle materials with stretchability.

2.2 Mixture of conductive materials and elastomer
In this section, stretchable electrodes for TENG are acquired by directly mix-
ing conductive materials (metal particles, carbon nanotubes, carbon black and so

on) with elastomer (PDMS, silicone rubber and so on), taking advantages of the
conductive property of conductive materials and the stretchability of elastomers.
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Figure 3.

Geometrical engineering of rigid materials by origami architecture. (a) Schematic illustration of the TENG with
Chain-link” fence-shaped structure and vhombic unit design. (b) Schematic demonstrating the in-plane tensile
behaviors of the repeated rhombic unit in the TENG system. (c) the basic cyclic unit of the yarn conducting
network in the SI'-TENG system. Reproduced with permission [20] copyright 2018 Wiley-VCH (d) schematic
structure of paper-based TENG and the assembled device under different tensile strains. Reproduced with
permission [21] copyright 2016 American Chemical Society. (e) Schematic structure of a kirvigami based electrode
and the velated strain property. Reproduced with permission [22] copyright 2016 American Chemical Society.

Different from depositing conductive materials on prestrained elastomer surface,
conductive materials in this strategy are embedded into the elastomers, making use
of the fluidity of silicone rubber before solidifying.

Figure 4a illustrates a TENG based on a stretchable electrode, combining carbon
black with silicone rubber. Herein, carbon black is blended with liquid silicone rub-
ber to form a mixture. Then the mixture is coated over a piece of acrylic plate which
has been processed with release agent in advance. After the mixture is solidified,

a piece of stretchable conductive carbon black-silicone rubber mixture layer can
be peeled off from the plate. Figure 4b shows the nano/microstructured surface
morphologies of the stretchable electrodes in the original state. Regarding to the
proposed stretchable TENG, its triboelectric materials contain one silicone rubber
layer and one carbon black-silicone rubber mixture layer. Meanwhile, the stretch-
able mixture layers act as the electrodes for TENG. An air gap is created between the
two layers to realize contact and separation process. With the increasing strain of
TENG, electrical output is enhanced resulting from the increasing displacement of
two triboelectric layers (Figure 4c) [23]. Figure 4d demonstrates another super-
stretchable TENG via percolating networks effect of silver nanowires and silicone
rubber. The fabrication process is as follows: Firstly, Ag NWs suspension is drop-
coated on an acrylic plate with a specific shape molded by kapton tapes. Next, the
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Mixture of conductive materials and elastomer. (a) Schematic diagram showing the detailed structure of
the stretchable TENG. (b) SEM images of the surface morphology of the TENG’ electrode in the original
state. (c) Relationship between the Aoy, and the elongation of the device. Reproduced with permission [23]
copyright 2016 American Chemical Society (d) fabrication process of the silver nanowire- silicone rubber
electrode based TENG. (e) SEM image of stretchable electrode. Reproduced with permission [24] copyright
2016 Wiley-VCH.

tapes are removed from the sheet and liquid silicone rubber is cast onto the as-fabri-
cated Ag NW network. After solidifying of silicone rubber, Ag NWs-silicone rubber
film is peeled off from the acrylic plate. Finally, stretchable TENG is obtained by
curing another liquid silicone rubber again over the film with a copper tape as
conductive lead for assembling the Ag NW-silicone rubber layer. It is clearly shown
in Figure 4e that Ag NWs are embedded in the silicone rubber because interspace
between Ag NWs allows silicone rubber to percolate into the network structure. The
proposed Ag NWs-silicone rubber mixture layer exhibits outstanding stretchability,
so as for the fabricated TENG, reaching up to 300% strain [24].

In the work of Lim et al., they fabricated a stretchable TENG based on highly
stretchable Au NS-embedded PDMS electrode. As shown in Figure 5a, Au NS
multilayer film was prepared by transferring monolayer of the Au NSs onto a
Teflon coated Si wafer for several times. After each transfer, thermal annealing is
conducted to increase the contact between stacked Au NSs. Then, liquid PDMS is
poured to the as-prepared Au NS film, percolating into the interspace between the
NSs. After curing, the Au NS-embedded PDMS film can be peeled off from the Si
wafer. In this stretchable electrode film, Au NSs are densely entangled and partially
embedded in the PDMS matrix (Figure 5b). Different from directly depositing
conductive materials on the surface of elastomer, embedding conductive materials
into elastomers presents a more stable and slight resistance change for stretchable
electrodes especially under larger strain (>30%) (Figure 5c-e). Such TENG is
employed to detect movement of fingers [25]. Li et al. proposed electrospinning
technique as an effective strategy for the fabrication of conductive materials-elasto-
mer mixed stretchable electrode.
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Mixture of conductive materials and elastomer. (a) Fabrication process of the Au NS-embedded electrode. (b) Top-
view FE-SEM image of the Au NS-embedded electvode. (c) Change in vesistance for Au NS electrodes in response

to tensile strain. (d) Variations of R/Ro for Au NS electrodes during 10,000 cycles of stretching at a 30% strain.

(e) Variations of R/Ro for Au NS electrodes during 100 cycles of the scotch-tape detachment test. Reproduced with
permission [25] copyright 2017 Elsevier (f) fabrication process of PU-GR@MWCNTS stretchable electrode. (g)
Resistance change of the electrode under diffevent strains. Reproduced with permission [26] copyright 2019 Elsevier.

As Figure 5f shows, polyurethane (PU) and graphene (GR) are mixed uniformly
as the solution for electrospinning. Then, the prepared PU-GR film is sonicated in
the solution of MWCNTs to reduce its internal resistance. Consequently, MWCNTs
coated PU-GR (PU-GR@MWCNTs) stretchable electrode is obtained. Such stretch-
able electrode can withstand a strain of about 15% without a remarkable resistance
increase (Figure 5g). Researchers also attached this TENG on the leaves to monitor
wind speed in the natural environment [26]. In contrast with previously described
wavy-structure electrodes whose stretchability mainly depends on the pre-strain
level, electrodes based on percolating networks or mixture of conductive materials
with elastomers display strong dependence on the capacity of the overlapping of
conductive materials in response to the applied strain.

2.3 Intrinsically stretchable conductive materials

Considering the above two strategies, although stretchability can be acquired
for electrodes, it is greatly limited by the geometrical engineering technique and
conductive pathways of conductive materials when embedded into elastomers.

In this section, we will introduce intrinsically stretchable conductive materials
including liquid-state materials with extremely low Young’s modulus and prepared
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Cognductive liquid-state materials based stretchable electrode. (a) The structuve of conductive liquid

based TENG unit. Reproduced with permission from the authors [27] (b) fabrication process of liquid

metal based TENG. Reproduced with permission [28] copyright 2018 American Chemical Society (c) the
PEDOT:PSS particles dispersed in the aqueous solution. (d) Fabrication process of liquid PEDOT:PSS based
TENG. Reproduced with permission [29] copyright 2019 the Royal Society of Chemistry.

conductive gels. As shown in Figure 6a, a stretchable TENG is composed of con-
ductive liquid inside and a rubber layer outside with etched nanostructures. In the
fabrication process, conductive liquid is injected into a hollow cylindrical rubber
layer with one terminal open and the other one sealed. After injection, a copper
wire is inserted into the liquid and a knot is formed to seal the open terminal. NaCl
is used here as the conductive liquid electrode which has certain conductivity and
infinite stretchability due to its fluidity at room temperature [27]. Ultimate stretch-
ability only relies on the stretchability of the rubber, which means liquid-state
conductive materials can exercise the maximum potential for stretchable electrodes.
However, the performance of TENG is limited due to the low conductivity of ion
solution. Thus, in Yang et al’s work, [28] they demonstrate a super-stretchable and
high-performance TENG using liquid metal (Galinstan) electrode which exhibit
low Young’s modulus, high conductivity at room temperature. Silicone rubber
is chosen as the triboelectric layer and encapsulating layer. Figure 6b shows the
fabrication process of this stretchable bulk-shaped TENG: A silicone rubber model
is prepared by encapsulating two concave silicone rubber plates together with a con-
ducting tape inserted to form a cavity in the middle. Single-mode stretchable TENG
is obtained after Galinstan is injected into the cavity. The as-prepared stretchable
TENG has an ultimate stretchability of 300% depending on the silicone rubber.
Meanwhile, its electrical output performance is much higher than the ion-solution
based stretchable TENG.
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Similar to this work, Shi et al. [29] utilize the liquid-state PEDOT:PSS as
electrode for fabricating TENG with silicone rubber as triboelectric layer as well
as encapsulating layer. Conductive polymer, PEDOT:PSS are commonly used in
organic solar cells, organic light-emitting diodes (OLED) due to its transparency
and conductivity while in solid state. As illustrated in Figure 6¢, PEDOT and
PSS particles are dispersed in the aqueous solution and combined by electrostatic
attraction. Significant conductivity and stretchability of PEDOT:PSS electrode
is attributed to the conjugated bond of PEDOT like other conductive polymers.
Figure 6d shows similar fabrication process of this polymer liquid electrode based
TENG as liquid metal based TENG. Such prepared liquid PEDOT:PSS TENG can
also be stretched to 300% at most without any crack.

Moreover, hydrogels, which contains hydrophilic polymer networks swollen
with water or ionic aqueous solution, are intrinsically stretchable materials, so
that they can be employed as stretchable conductive electrodes for TENG. For
example, stretchable electrodes based on polyacrylamide (PAAm)-(lithium
chloride) LiCl hydrogel is proposed by Pu et al. for application in the stretch-
able TENG [30]. PAAm powder is added into LiCl solution, followed by add-
ing N, N'-methylenebisacrylamide, ammonium persulfate, and N, N, N’,
N’-tetramethylethylenediamine orderly into the solution. Then the solution is
transferred into a mold. After treated at 50°C for 2 hours, conductive and stretch-
able hydrogel is formed. Using elastomer VHB/PDMS as triboelectric materials as
well as encapsulating materials, the hydrogel is sealed inside the elastomer to form
single-electrode mode TENG (Figure 7a). Such VHB-hydrogel based TENG can be
stretched to 1000% of original length while the PAAm-LiCl itself can be stretched
to 1400% (Figure 7b). It means that the conductive hydrogel electrode present
enough stretchability for the fabrication of stretchable TENG. The stretchability is
only controlled by the encapsulation materials. Zhao et al. [31] utilize PAMPS iono-
gel as the electrode for stretchable TENG, where the conductivity of the ionogel is
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Conductive gels based stretchable electrode. (a) The structure of PAAm-LiCl hydrogel electrode based TENG.
(b) Tensile test of the PAAm-LiCl hydrogel, PDMS-STENG and VHB-TENG. Reproduced with permission of
the authors [30] (c) the structure of PAMPS ionogel electrode based TENG. (d) Tensile test of the ionogel-based
TENG. Reproduced with permission [31] copyright 2019 Elsevier.
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attributed to the nonvolatility of ILs. As shown in Figure 7c, TENG works in contact
and separation mode with patterned PDMS acting as one triboelectric material and
ionogel acting as the other triboelectric material. Distance between two triboelec-
tric materials is created due to triangular stripes on the patterned PDMS. The three
layers (one patterned PDMS and two ionogel layers) are sealed inside two smooth
PDMS films. Such device has an ultimate stretchability of about 125% which is
determined by the ionogel film which has lower strain level compared with the
patterned triboelectric PDMS and smooth packaging PDMS (Figure 7d). Due to the
transparency, stretchability and pressure sensitive property of TENG, touching and
pressure sensing are demonstrated in both work in Figure 7.

2.4 Self-healing conductive materials

When the electrodes are over stretched, fractures would occur to influence its
conductivity as well as the output performance of TENG. Hence, self-healing ability
is required for electrode materials so that fractured structures can be repaired to
maintain performance and elongate the lifetime of devices The self-healing capabil-
ity of electrode can be attributed several mechanisms, such as the containing of
self-healing agents inside microcapsules, the use of dynamic bonds.

As Figure 8a shows, Parida et al. [32] prepared a stretchable and self-healing
TENG based on slime ionic electrode. VHB adhesive tape, acting as the substrate
and encapsulation material also possesses stretchability and self-healing capability.
Although silicone rubber is not intrinsically self-healable, the self-healing process of
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Figure 8.

Segf—healing conductive stretchable materials based electrode. (a) The structure of slime electrode based self-
healing TENG. (b) Voltage output of the self-healing TENG before damaging and after healing. (c) Stability
of the TENG after multiple cut. Reproduced with permission [32] copyright 2017 Wiley-VCH (e) SEM image
of CNTs embedded putty. Reproduced with permission [33] copyright 2019 American Chemical Society (f)
structure of PUA-silver flake-liquid metal electrode based TENG. (g) Schematic diagram of the stretchable
and healable triboelectric nanogenervator indicating silver flakes and liquid metal particles are embedded in the
PUA matrix. Reproduced with permission from the authors [34].
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slime electrode and VHB tape can bring the damaged silicone rubber film back into
contact. Meanwhile, it would not influence triboelectrification with skin or electro-
static induction in electrode because charges over silicone rubber are immovable.
Thus, the entire device can be regarded as self-healing TENG. Ultimate stretchabil-
ity of the device can be as high as 700%. The damaged device can be successfully
healed at room temperature without any external stimuli. Figures 8b and ¢ show
that output performance of TENG before damage and after self-healing is compa-
rable to each other, even damaged and recovered for 300 times.

Chen et al. [33] demonstrate a stretchable and self-healing TENG utilizing
viscoelastic supramolecular polymer (Putty) as triboelectric materials, mixture
of carbon nanotubes and Putty as electrode materials (Figure 8d). The percolat-
ing method of configuring stretchable electrode is introduced in previous part.
Figure 8e shows the morphology of the CNT embedded putty. Self-healing capabil-
ity of CNT-Putty electrode is acquired because of reversible dynamic hydrogen
bonds and dative bonds between boron and oxygen in putty, enabling the stretch-
able TENG to recover from damage at room temperature in 3 min.

Another example of self-healing and stretchable electrode for TENG is fabri-
cated by mixing polyurethane acrylate (PUA) solution, liquid metal particles and
silver flakes together. And then the mixture is drop casted and sandwiched between
two PUA films. A self-healing and stretchable TENG can be developed after UV
cures (Figure 8f). This TENG shows the highest stretchability (2500%), compared
to previously reported TENGs. Liquid metal here provides effective anchoring
between silver flakes in the PUA matrix, ensuring stable electrical performance
(Figure 8g). Both stretchability and self-healing capability of the device is also
attributed to the supramolecular hydrogen-bonding of PUA. It takes about 24 h for
this TENG to recover at room temperature [34].

3. Conclusions

Overall, we have introduced three functional strategies in this chapter to fabri-
cate the stretchable electrodes for flexible and wearable TENGs. In the first strategy,
we present several methods considering different material properties, including
prestrain-coating-release method for conductive materials that can be coated
and cured on the surface of stretchable elastomer, structure design and origami
architecture method for those existing conductive materials. In the second strategy,
conductive and stretchable electrodes are fabricated by embedding conductive
materials into the elastomer. In the third strategy, intrinsically stretchable elec-
trode like liquid-state electrode and conductive gel are presented. Besides, we also
discussed about the self-healing and stretchable electrodes for TENG application.
These stretchable electrodes ensure the great flexibility of TENG so that it can be
further applied in wearable electronics.
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Chapter 3

Development of Vibration
Piezoelectric Harvesters by the
Optimum Design of Cantilever
Structures

Prateek Asthana and Gargi Khanna

Abstract

Piezoelectric energy harvesting is a way of converting waste mechanical energy
into usable electrical form. The selection of mechanical devices for conversion of
mechanical to electrical energy is a significant part of vibration energy harvesting.
The articles provide designing and optimization of a cantilever piezoelectric energy
harvester. At first, is the selection of best mechanical device for energy harvesting
application. A cantilever without proof mass is then analyzed for the selection of
substrate, and piezoelectric material also plays a key role in the performance of the
device. Aluminum is selected as a substrate, while zinc oxide acts as the piezoelec-
tric layer. Addition of proof mass reduces the resonant frequency of the device to
about 51 Hz as compared to 900 Hz for an aluminum cantilever beam. An electro-
mechanical study shows an active conversion of mechanical input energy to elec-
trical output energy. Power frequency response functions of the resultant structure
are able to generate 0.47 mW power having 6.8 pA current at 1 g input acceleration.

Keywords: piezoelectric, cantilever, energy harvesting, microscale,
vibration-based energy harvesting

1. Introduction

The electronic world is moving toward smarter, smaller, portable, and reliable
devices. With the range of evolution in microelectronics and wireless technologies,
wireless sensor network is one of the most growing areas of research. Wireless
sensor network has a wide range of application in defense and military to healthcare
and industrial and structural health and environmental monitoring. WSN consists
of low-power microsensors, which collect data from the environment and transmit
to the base controlling station [1]. These nodes are spread over a large area forming
an integrated network. In military purposes for monitoring of remote area and
unreachable terrains, sensor networks are used. Environmental monitoring for
temperature and CO, emission can be analyzed using sensor networks. These sensor
networks find a wide range of applications in healthcare sector, finding applications
in wearable smart clothing and in monitoring patients’ blood pressure. Monitoring
the health and stability of civil structures like bridges and buildings are few other
areas of applications for sensor nodes. These nodes have three important
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components, i.e., transmitter, sensing device, and power supply. The transmitter is
utilized in communicating with controlling node, while the sensing device senses
environmental characteristics [2]. A sensor node needs an uninterrupted power
supply to operate throughout its lifetime, and hence the life of a sensor node is
governed by the battery. These energy harvesters could provide power to sensor
nodes for transmitting and monitoring purposes. Battery maintenance and refur-
bishment are not possible in WSN. Hence, energy harvesting to power these sensor
nodes is the most desirable area of research. Microscale energy harvesting (micro-
nano watt) can be used to drive small microscale nodes for environmental moni-
toring and medical health monitoring purposes. The focus of micro/nano-scale
energy harvesting is using energy from the environment [3]. Energy from the
environment, harvested in the form of vibrations, is generally small, as is the power
requirement for microscale devices; hence these ambient vibrations due to their
ubiquitous existence everywhere are a popular source of energy harvesting [4].
There has been a great focus in the past few years in the design and development of
vibration-based micro-energy generation to power low-power wireless devices.
Ambient vibration provides a viable option for harvesting energy through piezo-
electric mode [5].

2. Device design

Device geometry plays an important role in determining the output power of the
device. The amount of power produced by the harvester depends on the amount of

Figure 1.
Total deformation and stress for a beam, cantilever, and a diaphragm.

Device Total deformation (mm) Equivalent stress (MPa)

Diaphragm 0.0012956 9244.6

Beam 0.014325 35,125

Cantilever 0.60721 2.2653 x 10°
Table 1.

Deformation and stress comparison for mechanical devices.
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stress developed on the device. Hence, one of the main criteria is the appropriate

structure in order to harvest ambient mechanical vibrations. The mechanical

devices that can be used for this purpose are cantilever, beam, and a diaphragm. A
diaphragm is a mechanical device which is fixed on four ends, while the cantilever

S. no. Parameter name Parameter symbol Parameter value [units]
1. Length of substrate layer L¢n 20 [mm]
2. Width of substrate layer Wy 8 [mm]
3. Thickness of substrate layer ten 0.04 [mm]
4. Length of piezoelectric layer L 20 [mm]
5. Width of piezoelectric layer Wp 8 [mm]
6. Thickness of piezoelectric layer tp 0.06 [mm]
Table 2.

Device dimensions.
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is a mechanical device which is fixed at one end. In the case of beam, two ends are
fixed. The material used in these mechanical devices is silicon. Designs have been
simulated in COMSOL Multiphysics.

In order to decide on the appropriate device, all the three devices having the
same volume are simulated, and an equal amount of force is applied on each one of
them (Figure 1). Table 1 compares the total deformation and equivalent stress
values obtained from the above FEM analysis. From Table 1 it can be inferred that
on the application of the same force on cantilever, diaphragm, and beam, a cantile-
ver experiences 42 and 99% more deformation than a beam and a diaphragm,
respectively. The stress developed on the cantilever is 25 times more than that on a
diaphragm and 7 more than that on a beam. Hence, cantilever structure is mostly
used to harvest ambient mechanical vibrations, as for some amount of force; it has
the capability to produce a significant stress and displacement.

A piezoelectric cantilever bimorph having piezoelectric layer on top as well as at
the bottom is simulated on COMSOL Multiphysics having dimensions as shown in
Table 2. Eigenfrequencies of the design are plotted in Figure 2. Modifications to
cantilever by slotting its length have been carried out showing that basic cantilever
has the best performance [6, 7]. A broadband piezoelectric energy harvester able
to capture ambient vibrations has been designed based on a seesaw cantilever
structure [8, 9].

3. Device optimization

To obtain an optimized device, it is essential to select an appropriate substrate
and piezoelectric material. Substrate material provides strength and elasticity to
the design, while the piezoelectric material performs the conversion of ambient
mechanical energy into electrical energy. A substrate material should be able to
interact with energy harvesting circuitry as well as provide basic elasticity to
the device.

3.1 Selection of substrate material

A cantilever with different substrate material is simulated and its eigenfre-
quencies are obtained. A comparison of eigenfrequencies for the various designs is
shown in Figure 3. A cantilever is composed of different substrates having similar
dimensions. Aluminum has the lowest first eigenfrequency at around 900 Hz as
compared to copper, polyethylene, and structural steel. As the majority of ambient
vibrations have lower frequency, hence it is essential for the harvester to have a
lower first resonant frequency as then it can match the ambient vibration frequency
to produce high power output.

3.2 Selection of piezoelectric material

Piezoelectric materials can be categorized into two types: lead-based and lead-
free materials. Lead is a toxic element and has an adverse impact on the
environment; hence, its usage is barred in most countries. In this context, scientists
are working toward new materials with comparable or better performance than
lead-based materials. Table 3 lists the properties of the piezoelectric materials
utilized in this work. Selection of piezoelectric material is equally important for
energy harvesting. Piezoelectric material can be lead-based or non-lead-based.
Lead-based material has better piezoelectric coefficient than non-lead-based
material.
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Figure 3.

Six eigenfrequencies of a piezoelectric cantilever bimorph without proof mass using (a) copper, (b) aluminum,
(c) polyethylene, and (d) structural steel.

Piezoelectric Young’s modulus (E) Density Relative Piezoelectric
material GPa (Kg/m?) permittivity constants
€31 ds;

(C/m?)  (pCIN)

PZT 5H 127 7500 1433.6 —6.55 —274

PZT 5A 120 7750 826.6 —5.4 —-171

PVDF 1.31 1780 7.3 0.0098 —13.6

AIN 149 3300 9 —0.58 -1.72

ZnO 105.3 5680 10.204 —0.56 —5.43
Table 3.

Piegoelectric material properties.

For a dielectric material,
D =¢E (1)
For an elastic material,

T =5S (2)
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For a piezoelectric material,
D=¢E+P and T=sS+P (3)
The value of P for direct piezoelectric effect is
P=dxS (4)
And for inverse piezoelectric effect is
P=dyE (%)
So, constitutive equations for direct and inverse piezoelectric effects are given by

D = ¢E +d3S (6)
T=sS+ d31E (7)
where D and E are the dielectric displacement and electric field, respectively.

T and S are strain and stress on the material. ¢ and s are electrical permittivity and
compliance which is reciprocal to Young’s modulus. Piezoelectric cantilever made
only with piezoelectric material PZT 5A, PVDF, and zinc oxide is simulated on
COMSOL Multiphysics. Results depicted in Figure 4 show that PVDF has the
lowest first eigenfrequency and generates the highest voltage. PVDF has a signifi-
cantly low Young’s modulus, causing it to break easily on application of a very low
force. Hence, zinc oxide is selected as piezoelectric material as it is not poisonous
and has a significant piezoelectric constant.

Voltage generated in direct piezoelectric effect across a material having t, thick-
ness is given by

V =tE (8)
The charge on a material is given by

Q=AD )
Charge is integral of current over a period ‘t’

I = DAt (10)

Put value of D from (6) to (10):
I = At(eE 4 d3S) (11)

Piezoelectric capacitance is given by

C= % (12)
ts
Using (8) and (12) in (11) we get:
I = CtV + Atds;; S (13)

For open circuit condition I = 0. Hence, (13) solves to

_ AdxS
C

V= (14)
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Eigenfrequencies of a piezoelectric cantilever bimorph without proof mass using (a) PZT 54, (b) PVDF, and
(c) zinc oxide.

Putting the value of C back from (12), we get

dzS Iy

€

V= (15)

Hence, on application of S stress on a piezoelectric material of thickness t;

having piezoelectric constant d3; and permittivity ¢, the voltage generated is given
by Eq. (15).

3.3 Effect of proof mass

Proof mass is added to a piezoelectric cantilever to reduce its eigenfrequency.
The dimensions of the proof mass added to the cantilever are given in Table 4.
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S. no. Parameter name Parameter symbol Parameter value [units]
1. Length of proof mass I 10 [mm)]
2. Width of proof mass W 8 [mm]
3. Height of proof mass tm 5 [mm]
Table 4.

Dimensions of proof mass.

; % ]
Eigenfrequenty=51.19% Suface: Total displacemert (mm) c quencye288.96. Suface: Totaldaplacement {mm) o

wig”

25

Eigenfrequency=2756.3 Suface: Total dsplacement [mm)

Figure 5.
First four eigenfrequencies of a piezoelectric cantilever bimorph with proof mass.

When the proof mass is added, the first eigenfrequency reduces to 51.3 Hz as
shown in Figure 5. The cantilever becomes bulkier. The material of proof mass is
the same as that of the substrate. Proof mass also increases the overall mass of the
device and hence, the displacement of the device from the neutral position.

4. Results and discussion
4.1 Frequency response
The frequency response of the piezoelectric cantilever obtained is plotted by

varying the input vibration frequency (Figures 6-8). The frequency response
depicts a peak when the frequency of vibration matches the first eigenfrequency.
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Voltage generated on a frequency response of a piezoelectric cantilever bimorph.
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Current generated on a frequency response of a piezoelectric cantilever bimorph.

The cantilever has two piezoelectric layer of zinc oxide and a substrate layer of
aluminum. The cantilever energy harvester can generate a power of 0.47 mW across
a 4 Mohm resistor. The current value is around 6.8 pA. Generated power can be
increased by integrating the harvester with energy harvesting circuitry [10, 11].

4.2 Electromechanical analysis

A significant part of the piezoelectric energy harvesting process is mechanical to
electrical conversion. High power is generated on high amount of stress on the
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Electromechanical conversion on a frequency response of a piezoelectric cantilever bimorph energy harvester for
strain to electric field, stress to power generated, and displacement to electric field.
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piezoelectric layer. Electromechanical coupling displays the conversion of stress on
the piezo layer and equal conversion of electrical power by those layers. The more
the stress, the larger is the displacement of the device which increases the quantity
of accumulated charges and the higher is the potential developed on the layer.
Figure 9 shows electromechanical conversion from first principal strain to electric
field, displacement to electric potential, and stress to generated output power.

A peak strain of 6.712 x 10~ * resulted in a peak electric field of 4.26 x 10° V/m
with both occurring near the first resonant frequency. A peak stress of 1.05 x 10° Pa
resulted in power generation of around 0.5 mW with both occurring near the first
eigenfrequency. A peak displacement of 0.85 mm resulted in peak electric potential
of 72.394 V, with both occurring near the first eigenfrequency.

5. Conclusions

A piezoelectric cantilever bimorph is simulated in this chapter. Optimizing the
designing from the selection of substrate and piezoelectric material is described. A
cantilever with aluminum substrate and zinc oxide is designed with a proof mass.
Analytical model of generated voltage by the piezoelectric cantilever energy har-
vester is also described. Addition of proof mass reduces the resonant frequency of
the device. Power frequency response functions and electromechanical analysis of
the resultant structure are able to generate 0.47 mW power having 6.8 pA current at
1 g input acceleration.
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Chapter 4

Ferroelectric Polymer
PVDF-Based Nanogenerator

Jeongjae Ryu, Seongmun Eom, Panpan Li, Chi Hao Liow
and Seungbum Hong

Abstract

This chapter deals with the development of ferroelectric polymer polyvinylidene
fluoride (PVDF)-based nanogenerators. Due to its inherent flexibility, PVDF has
been studied for application in nanogenerators. We first introduce PVDF and its
copolymers, and briefly discuss their properties. Then, we discuss fabrication
methods, including solution casting, spin coating, template-assisted method,
electrospinning, thermal drawing, and dip coating. Using these methods, a wide
variety of ferroelectric polymer structures can be fabricated. In addition to the
performance enhancements provided by fabrication methods, the performance of
PVDF-based nanogenerators has been improved by incorporating fillers that can
alter the factors affecting the performance. Next, we review energy sources that can
be exploited by PVDF-based nanogenerators to harvest electricity. The abundant
energy sources in the environment include sound, wind flow, and thermal fluctua-
tion. Finally, we discuss implantable PVDF-based nanogenerators. Another advan-
tage of PVDF is its biocompatibility, which enables implantable nanogenerators. We
believe that this chapter can also be helpful to researchers who study sensors and
actuators as well as nanogenerators.

Keywords: PVDF, nanogenerator, biocompatibility, flexibility, ferroelectric material

1. Introduction

All electronic devices need electrical energy to operate. Although fossil fuels

have been the primary sources of that electrical energy to date, alternatives are
emerging. This is particularly important given the ongoing proliferation of portable
devices. For example, as “big data” has become increasingly important for monitor-
ing structures, healthcare services, smart cites, and so on, there has been an explo-
sion of sensors to collect that information [1-3]. These sensors can even be located
in the human body, beneath the human skin, and inside personal wearable devices
[4-7]. In such cases, batteries cannot be easily charged or repeatedly replaced.
To meet the energy requirements of remote or inaccessible application like these,
one of the most promising alternatives to conventional batteries is a nanogenera-
tor, which can convert mechanical energy or thermal fluctuations in the ambient
environment into electricity.

Polyvinylidene fluoride (PVDF) and its copolymers, ferroelectric polymers, are
ideal candidates for use in nanogenerators. Their unique properties include their
high flexibility, lightness, chemical stability, and relatively simple manufacturing
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process [8-11]. The limitation of PVDF-based nanogenerators has been their low
power generation capacity. Hence, many research groups have studied to enhance
the performance of nanogenerators, by utilizing various fabrication methods, and
structures, by incorporating fillers (Table 1).

In this chapter, we discuss different fabrication techniques and developments of
PVDF-based nanogenerators in detail. This book chapter is organized as follows. In
Section 2, we introduce PVDF and its copolymers with their properties. In Section
3, we focus on fabrication methods used to prepare PVDF-based nanogenerators.
In Section 4, we briefly cover conventional PVDF film-based nanogenerators. In
Section 5, we review composite-based nanogenerators and how certain factors
affect their performance of the nanogenerators. In Section 6, we introduce the
energy sources that can be harvested by the nanogenerators. In Section 7, we review
the biocompatibility of PVDF and related works.

2. PVDF and its copolymers

Semicrystalline PVDF has at least four crystalline modifications: a, B, y, and &
[26]. Generally, the a-phase is the most stable crystal phase of PVDF in ambient
conditions. The conformation of a-PVDF, displayed in Figure 1a, is trans-gauche-
trans-gauche (TGTG’). The a-phase is nonpolar because of its centrosymmetric
symmetry and can be easily obtained from melt crystallization at atmospheric pres-
sure. On the other hand, the B-phase is classified as a ferroelectric and exhibits the

largest remnant polarization of ~ 13 pC/cm? among the phases. Ferroelectricity in
the p-PVDF is directly correlated to its macroscopic dipole moment. In the f-phase,

(a) \(

(b)

M\&Wvﬁﬁk

Configuration in the unit cell of (a) the a-phase, (b) the p-phase, and (c) the y-phase.
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the conformation is all trans (TTTT) as shown in Figure 1b. The transition from the
PVDF a-phase to the f-phase can be induced by stretching the polymer. The y-phase
is also polar and its conformation is trans-trans-trans-gauche-trans-trans-trans-
gauche (T3GT;G) as shown in Figure 1c. The y-phase is also ferroelectric. However,
the y-phase is less frequently observed because it requires extreme temperature
control and high pressures to develop. The §-phase has the same configuration as
the a-phase. The difference is that the §-phase is a ferroelectric. Crystallization

of the 8-phase can be achieved by electroforming from the bulk a-PVDF in a high
electric field of about 170 MV/m. Recently, M. Li et al. demonstrated that a 5-PVDF
thin film can be made at elevated temperatures by applying a short pulse of about
250 MV/m [27]. They confirmed the existence of the §-phase via combined GI-XRD
and FTIR measurements on pristine and electroformed capacitors.

Due to its electroactive properties, high p-phase content is desirable for applica-
tions. This can be achieved physically or chemically. The most common chemical
derivatives of PVDF available are polyvinylidene fluoride-trifluoroethylene
(P(VDF-TrFE)) and polyvinylidene fluoride-hexafluoropropene (P(VDF-HFP)).
Despite its high cost, P(VDF-TrFE) is often preferred over PVDF. The main advan-
tage of P(VDF-TrFE) is that the p-phase can easily develop without mechanical
stretching or incorporating fillers. The mechanism behind the development of the
p-phase is based on the introduction of additional fluorine atoms within a certain
amount, which allows steric hindrance to occur. P(VDF-HFP) has received a lot
of attention because of its extremely high electrostrictive response [28]. As with
PVDF, the p-phase in P(VDF-HFP) can be obtained by mechanical stretching [29].
Another way to develop the p-phase in P(VDF-HFP) is casting from solution in
dimethylformamide (DMF) [30].

Since the discovery of piezoelectricity in PVDF [31], the mechanism behind
the piezoelectric response has been a subject of debate. Recently, L. Katsouras et al.
identified the piezoelectric effect in semicrystalline PVDF and its copolymers via
in-situ dynamic X-ray diffraction, from measurements with P(VDF-TrFE) capaci-
tors [32]. The piezoelectric effect is attributed to the change in lattice constant
produced by the electromechanical coupling between the intermixed crystalline
and amorphous regions as well as the electrostrictive response of the crystalline
part. Both the electrostrictive Q33 and the additional, dcyypiin,, are negative; hence,
the piezoelectric coefficient, ds3, of P(VDF-TrFE) is negative. Understanding
the fundamental basis of piezoelectricity in ferroelectric polymers is essential to
further technological innovations.

In order to identify the phases of PVDF, analysis techniques based on electro-
magnetic radiations such as X-ray and infrared have been widely used. The crystal-
line structure in PVDF and its copolymers can be confirmed via X-ray diffraction
(XRD). In general, the nonpolar a-phase and the polar p- and y-phases of PVDF
appear in XRD patterns (Figure 2a) [33]. There are peaks at 18.4, 19.9, and 26.6°
corresponding to (020), (110), and (021) reflections of the monoclinic a-phase,
respectively. The peak at 20.6° is associated with the crystalline (200) and (110) of
the orthorhombic B-phase. For the y-phase, the dominant peaks appear at 18.5 and
20.2° corresponding to (020) and (110), respectively. In the case of P(VDF-TrFE),
the peak corresponding to the (200) and (110) planes of the p-phase crystalline
phase is represented at 19.7°. The position and width of peaks can change depend-
ing on experimental conditions and the ratio between VDF and TrFE. Therefore,
the diffraction patterns can be differently observed in the literature.

The ferroelectric phase formation of PVDF and its copolymers have been also
confirmed using Fourier transform infrared spectroscopy (FTIR). However, there
exists a conflict on spectrum peaks corresponding the phases. Recently, X. Cai et al.
documented reports on the vibrational bands of PVDF materials via FTIR to shed
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Figure 2.
XRD patterns (A) and FTIR spectra (B) of PVDF membranes [33].

light on this issue [33]. Furthermore, they analyzed the FTIR results and suggested
the relative fraction of the - and y-phase calculations in terms of crystalline com-
ponents as shown in Figure 2b. Since the absorption band at 840 cm™ corresponds
to the B, v, or both phases, the fraction of the f- and y-phases can be calculated as
follows:

Fip = 24— x100% 1)
(%) Iz63 + Iga
763

where Iz4 and I; are the absorbance at 840 and 763 cm ™, respectively, and
Ksa0 and Kyg; are the absorption coefficients at the respective wave numbers, whose
values are 7.7 x 10* and 6.1 x 10* cm? mol ™, respectively. If PVDF materials contain
both phases, another method is needed to quantify individual §- and y-phases. The
quantification of - and y-phases can be demonstrated as follows:

AH.
F(B) = Fau x (ng) < 100% Q)
F(y) = Foa x (%21%) « 100% 3)

where AHy and AH, are the height differences (absorbance differences)
between the peak around at 1275 cm™" and the nearest valley around at 1260 cm ™,
and the peak around 1234 cm™ and the nearest around at 1225 cm ™, respectively.

3. Fabrication techniques

PVDF and its copolymer-based nanogenerators consist of a layer of PVDF or
its copolymers sandwiched between two electrodes, like a capacitor. As previ-
ously noted, PVDF and its copolymer-based nanogenerators have advantages over
piezoelectric ceramics-based nanogenerators, because of their flexibility and high
piezoelectric voltage coefficient (gs;). One important consideration is the choice
of a suitable technique for the fabrication of ferroelectric polymer-based nano-
generators. A great variety of methods to make ferroelectric polymer-based nano-
generators has been developed for a few decades: solution casting, spin coating,
template-assisted method, electrospinning, thermal drawing, and dip coating, as
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Figure 3.
Schematic drawing of fabrication methods of PVDF-based nanogenerator. (a) Solution casting, (b) spin
coating, (c) template-assisted method, (d) electrospinning, (e) thermal drawing, (f) dip coating.

described in Figure 3 [9, 12, 34-38]. The particular fabrication technique can affect
the crystallinity and phase of ferroelectric polymers, influencing their electroactive
and mechanical properties. This section covers conventional and recently devel-
oped fabrication techniques involving ferroelectric polymers in greater detail.

3.1 Solution casting

Usually, PVDF and its copolymer-based nanogenerators are prepared by solu-
tion casting because it is a simple and low-cost process and allows large-scale pro-
duction. The casting method is also suitable for preparing composites of fillers and
a polymer matrix because it is relatively insensitive to the viscosity and density of
solution. As a result, solution casting has been used in most research on composite-
based nanogenerators [16, 18, 22, 23, 39]. The thickness of the film can be con-
trolled by the type of organic solvents employed and the concentration and amount
of the ferroelectric polymer solution. Since evaporation speed can differ depending
on the organic solvents used, the morphology of the ferroelectric polymer films can
also be affected [40].

3.2 Spin coating

Spin coating is a universally used technique to fabricate uniform thin polymer
films using the centrifugal forces induced by a spinning substrate. The thickness of
the films can be controlled by a few parameters, such as solution concentration, vis-
cosity, spin speed, and spin time. Generally, a low concentration polymer solution
(<10%) is used for uniformity. In addition, the thickness of spin-coated ferroelec-
tric polymer films can be controlled by the number of successive spin coatings.

Spin coating has been successfully used to prepare nanogenerators based on thin
P(VDF-TrFE) films. For example, Z. Piet al. reported a flexible nanogenerator based
on P(VDF-TrFE) thin film produced by spin coating. A 2% concentration of P(VDF-
TrFE) copolymer solution was repeatedly spin coated on the substrate to reach the
required thickness [12]. In another study, Lee et al. successfully developed a nano-
generator based on micropatterned P(VDF-TrFE) polymer (thickness -7 pm) [41].
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They evaluated the improved stretchability, mechanical durability, and robustness
of the line-based micropatterned nanogenerator, compared to a flat (nonpatterned)
nanogenerator.

3.3 Template-assisted method

Nanoconfinement involves confining dimensional geometries in a nanosized
region. Typically, the template-assisted method from a melt or solution has been
employed to fabricate one-dimensional nanostructures [8, 9]. In the template-
assisted method, a polymer melt or solution is used to wet the surface of a porous
template. It permeates into the pore of the template due to the high surface energy
of the template walls. Finally, polymer nanotubes or nanowires form with a uniform
size distribution. This technique has been reported to improve the performance
of polymer-based nanogenerators. For example, V. Bhavanasi et al. prepared
P(VDF-TrFE) nanotubes using a template-assisted method, with a P(VDF-TrFE)
melt and anodic aluminum oxide (AAO) templates with a pore diameter of 200 nm
[42]. The resulting P(VDF-TrFE) nanotubes demonstrated high power generation
under dynamic compression pressure compared to that of P(VDF-TrFE) films. This
improved performance was attributed to the enhanced piezoelectric coefficients,
strain confinement in the 1D geometry, and improved surface area.

The nanoconfinement via templates induces ferroelectric polymer nanowires
to retain preferential orientation with the b-axis parallel to the long axis of the
template. This orientation leads to a vertical direction of the polarization parallel to
the channel axis. Y. Calahorraez al. investigated the electromechanical interactions
in individual P(VDF-TrFE) nanowires via piezoresponse force microscopy (PFM)
[43]. Their results indicate that P(VDF-TrFE) nanowires grown via template-
assisted methods possess piezoelectric properties without electrical poling process,
which is called as “self-poled.” However, the ds; coefficient of nanowires without
poling was lower than that of nanowires with poling. After tip-induced electrical
poling, the dj; of the nanowires increased from 7.7 pm/V to 21.6 pm/V. This phe-
nomenon can be attributed to the direction of polarization parallel to the substrate
before electrical poling.

When a template-assisted method is used, in-situ poling can be applied at
the same time. This is known as the template-assisted electricity-grown method.

X. Chen et al. fabricated vertically well-aligned P(VDF-TrFE) nanowire arrays with
a preferential polarization orientation [44]. The contents of the B-phase in P(VDF-
TrFE) nanowires and bulk films were analyzed via Fourier transform infrared
(FTIR) measurement. The percent content of p-phase in the P(VDF-TrFE) nanow-
ires increased to 83.5%. This value was higher than the bulk films (75.2%). Without
further poling, the P(VDF-TrFE) nanowire array delivered an output voltage about
9 times higher than conventional spin-coated bulk films.

3.4 Electrospinning

Electrospinning is another common method used to fabricate -phase ferroelec-
tric fibers without further mechanical stretching or electrical poling processes [45].
The electrospinning technique utilizes an electrical force to obtain fibers. The basic
principle of conventional electrospinning is as follows: When a DC electric field is
applied between the spinneret (metallic needle) and the collector (grounded con-
ductor), a conical object called a Taylor cone forms at the tip of the needle. When
the electric field rises above a threshold value, the resulting electrostatic force can
overcome the surface tension and viscous force of the polymer solution. An electri-
fied liquid jet ejected from the nozzle undergoes a stretching and whipping process
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and then splits into threads with diameters ranging from hundreds of micrometers
to tens of nanometers.

In 2011, D. Mandal et al. prepared P(VDF-TrFE) nanofiber webs via electrospin-
ning [37]. They found evidence of the preferential orientation of CF, dipoles in the
P(VDF-TrFE) nanofiber web via analyses using polarized FTIR and piezoelectric
signal. They also demonstrated that output current signal could be enhanced by
stacking several tens of layers of the electrospun web with the same polarization.

Unlike conventional electrospinning, near-field electrospinning using a short
needle-to-collector distance enables superior location control, to produce orderly
nanofiber patterns over large areas [46]. Notably, C. Chang et al. utilized a direct-
write technique by means of near-field electrospinning (NFES) to produce and
place piezoelectric PVDF nanofibers on working substrates [47]. They measured
the piezoelectric response of single PVDF nanofibers to calculate their energy
conversion efficiency (ECE). The ECE was defined as

Electric energy generated 2

ECE

- - 4
Mechancial energy applied @)
where k is the electromechanical coupling coefficient of the piezoelectric mate-
rial. The electric energy W, was estimated by integrating the product of the output
voltage and current of the PVDF nanogenerator when stretched. The elastic strain
energy was estimated using

W, = %EA e’Lg <)

where E is the Young’s modulus of the material, A is the cross-sectional area, € is
the strain applied to the material, and L is the length of the material. It was found
that the energy conversion of the nanofiber-based nanogenerator (average 12.5%)
was higher than experimental PVDF films (0.5-4%) and conventional PVDF thin
films (0.5-2.6%).

3.5 Thermal drawing

Another interesting method to make ferroelectric polymer fibers is thermal
drawing, as reported by S. Egusa et al [38]. The advantage of thermal drawing is
that all components (piezoelectric layer, electrode layers, and wrapping layer) are
extracted a preform made of poly(vinylidene fluoride) with metal electrodes and
an insulating polymer, making the process simpler compared to other methods.
However, they encountered some challenges. During thermal drawing, there isa
susceptibility to break up and mixing due to flow instabilities and variation in layer
thickness. To address such challenges, they used carbon-loaded poly(carbonate)
(CPC) and P(VDF-TrFE). CPC has high viscosity (10°-10° Pa s) at the draw tem-
perature and thus can be used to confine the low-viscosity crystalline piezoelectric
layer and ensure adequate conductivity (1-10* Q m). In the case of P(VDF-TrFE),
the p-phase can form without any mechanical stress compared to PVDF. Therefore,
they were able to make multimaterial piezoelectric fibers with a uniform diameter
using these two materials. They also demonstrated the benefits of drawing fer-
roelectric polymer fibers for application in acoustic transducers and capacitors [38,
48]. However, they did not mention the scavenging ability of P(VDF-TrFE) fiber
prepared by thermal drawing.

Due to flexibility of the thermal drawing, it has been successfully demonstrated
for fabricating composite fibers such as BaTiOs;-PVDF, Pb(Zr,Ti)O; (PZT)-PVDF,
and carbon nanotube (CNT)-PVDF [49]. In that study, the piezoelectric perfor-
mance of the fabricated fibers was systematically compared while bending and
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releasing. For a BaTiO;-PVDF fiber, the generated open-circuit voltage and short-
circuit current were 1.4 V and 0.8 nA, respectively. For a PZT-PVDF fiber, the
corresponding values were 6 V and 4 nA. A CNT-PVDF fiber generated 3 V and
1.2 nA. These results were attributed to the high piezoelectric coefficient (BaTiOs
and PZT) or the induced f-crystallization (CNT).

3.6 Dip coating

Dip coating is one of the most effective methods of depositing ferroelectric poly-
mers on a 3D substrate. For example, D. Kim et al. developed a three-dimensional
spring-type nanogenerator using a dip-coating and multidirectional electrode
deposition [35]. The nanogenerator had a bi-layered structure with a top electrode
and a P(VDF-TrFE) layer on a conventional spring that had two roles. It served as
both the core electrode and the mechanical substrate for the ferroelectric polymer.
In another study, J. Ryuet al. fabricated a P(VDF-TrFE)/polydimethylsiloxane
(PDMS) stretchable hollow fiber using dip coating [36]. To fabricate the fiber, a
cylindrical carbon rod was used as a template, onto which each of the layers was
sequentially coated. The diameters of the P(VDF-TrFE)/PDMS layer and PDMS
layer were controlled by varying the withdrawal speed during dip coating.

4. Nanogenerators based on pure PVDF films

The typical type of nanogenerator is based on ferroelectric polymer films
without any further processing or incorporation of fillers. Conventional PVDF
film-based nanogenerators can be simply fabricated and easily stacked to improve
performance. In addition, the flexible nanogenerators can be designed using vari-
ous structures. For example, J. Zhao and Z. You fabricated a nanogenerator based
on specially designed sandwich structure that was compatible with a shoe [50].
The structure was composed of multilayered PVDF films and two wavy surfaces
of a movable upper plate and a lower plate. The PVDF film layers were connected
in parallel for high output current. Due to the structural design and stacked PVDF
films, the nanogenerator provided an average output power of 1 mW while walk-
ing at a frequency of ~1 Hz. In another study, W.-S. Jung et al. prepared a curved
piezoelectric nanogenerator consisting of multilayered PVDF films and a poly-
imide substrate [13]. They also connected all PVDF films in parallel to increase the
output current. The curved structure enhanced the output power by distributing
effectively applied stress. The authors integrated the nanogenerator into a shoe-
insole and to a watch strap and attached them to long-sleeved shirts, and then
evaluated the PVDF-based nanogenerators as a power source for wearable sensors
and biomedical devices.

5. Nanogenerators based on composites

In order to enhance the electrical and mechanical properties of ferroelectric
materials, many research groups have employed the concept of composites,
typically made of a polymer and a ceramic. Composite is a common approach in
piezoelectric-based applications. Ultrasonic transducer is a typical example. The
composites are used for impedance matching. Since piezoelectric ceramics like PZT,
BaTiOs, and Pb(Mg;,3sNb,/3) O5-PbTiO; (PMN-PT) have a relatively high acoustic
impedance compared to water or human tissue, impedance matching is required.
Such matching results in broad bandwidth and increased sensitivity.
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Composites can also be utilized for nanogenerators based on PVDF and its
copolymers to boost their performance. The outputs of nanogenerators depend on
a variety of factors, which include the piezoelectric coefficient, elastic modulus,
and dielectric constant. The output voltage generated by nanogenerators can be
expressed as

Vo = |gze(DEd 6)

where e(]) is the strain, E is the elasticity modulus, and g3; is the piezoelectric
voltage constant, given by g33 = % with ds; being the piezoelectric coefficient,
¢, being the dielectric constant, and &, being the permittivity of free space [15].
Hence, a higher piezoelectric coefficient and elastic modulus, and a lower dielectric
constant result in higher nanogenerator performance. In this section, we will discuss
the effect of fillers on composite-based nanogenerators. By varying the concentra-

tion, size, and morphology of fillers, the factors of composites can be controlled.
5.1 Piezoelectric coefficient

A piezoelectric coefficient is the most critical factor affecting the performance
of nanogenerators. The piezoelectric coefficient (ds;) of bulk PVDF and its copo-
lymers is remarkably low compared to that of bulk ceramics such as PZT (700
pC/N) [51], BaTiO; (350 pC/N) [52], and Pb(Zn;/3Nb,/3) O5-PbTiO; (PZN-PT)
(2500 pC/N) [53]. As already mentioned in Section 2, the piezoelectric coefficient
of PVDF and its copolymers is related to their crystallinity. In other words, the
performance of nanogenerators can be improved by increasing the crystallinity of
the ferroelectrics.

Recent studies have revealed that the crystallinity of ferroelectric polymers can
change with fillers including organics, inorganics, and metals [16, 23, 39, 54]. The
amount of B-phase in ferroelectric polymers can be enhanced by imbedding fillers
into the ferroelectric polymer. For example, B. Dutta et al. reported a piezoelec-
tric nanogenerator based on a NiO@SiO,/PVDF nanocomposite [23]. To prevent
agglomeration, they coated nonconductive SiO, on the NiO nanoparticles, which
resulted in the homogeneous dispersion of the nanofillers in the polymer matrix.
FTIR results indicated that the f-phase in the PVDF increased with the increasing
loading fraction of NiO@SiO, as shown in Figure 4a. This phenomenon occurred
due to the electrostatic interaction between the negatively charged surface of the
NiO@Si0, nanoparticles and the positive —~CH, groups of PVDF.

In addition to considering the content of fillers, the geometric structures of
fillers should be also considered for their effect on the extent of p-phase crystalliza-
tion and their influence on piezoelectric performance in the composites. A recent
example was demonstrated in Ag/PVDF composites, where the effect of mixing
silver fillers with different morphologies into P(VDF-TrFE) was investigated [54].
When Ag nanoparticles were added to P(VDF-TrFE), the crystalline transforma-
tion of P(VDF-TrFE) was not observed (Figure 4b). Similarly, work conducted by
H. Paik et al. also found that the effect of adding Ag nanoparticles has an insignifi-
cant effect on the internal structures of the film [55]. On the other hand, when Ag
nanowires with a diameter of 120 nm were mixed with P(VDF-TrFE), some a-phase
transformed into B-phase, which indicates that the piezoelectric response can be
enhanced as shown in Figure 4c. This was attributed to the fact that the molecular
structure of P(VDF-TrFE) can be easily packed in a form that favors the formation
of B-phase due to the planar surface of the Ag nanowires.

Interestingly, many research groups have used ferroelectric materials as fillers to
enhance the performance of their nanogenerators. Even though ferroelectric fillers
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Figure 4.

(a) Variation of p-phase fraction (F(p)) with NiO@SiO, nanoparticles loading in PVDF matrix. Reproduced
with permission [23]. Copyright 2018, American Chemical Society, (b) FTIR spectra of P(VDF-TrFE)
film blended with different Ag nanocomposites. (the small picture was zoom-in view of peak intensity at

1290 cm ™). (c) the piezoelectric vesponse of P(VDF-TrFE) with different Ag nanofillers. Reproduced with
permission [54]. Copyright 2016, Elsevier. (d) Comparison of the piezoelectric outputs with measured Young's
modulus. Reproduced with permission [58]. Copyright 2018, MDPI. (e) Comparison of measured effective
relative permittivity (at 1 kHz) of nanocomposites as a function of PFBPABT nanoparticle volume fraction
with predicted values from different theoretical models. (f) the breakdown strengths (failure probabilities:
63.2%) at each volume fraction as determined from the Weibull analysis. Reproduced with permission [60].
Copyright 2018, Amevican Chemical Society.

such as particles, nanowires, and nanorods have a poor piezoelectric coefficients,
compared to that of bulk ceramics, they are still good candidates for piezoelectric
nanogenerators. For example, PMN-PT nanofiber has a piezoelectric coefficient
However, PVDF and its copolymers have a negative piezoelectric coefficient,
as previously mentioned. If PVDF and its copolymers are used as matrices, the
conflict of piezoelectric constants can limit its advantages and result in lower
output. Previous reports indicated that PZT/P(VDF-TrFE) 0-3 composites with 50
volume percent ceramic did not exhibit a piezoelectric response because they had
the opposite sign piezoelectric coefficient, thus canceled out [57]. To circumvent
this effect, different poling process can be adapted. For example, C. K. Jeong et al.
demonstrated an enhanced nanogenerator based on BaTiO; nanowires and P(VDF-
TrFE), which was poled using double-side poling process to remove the piezoelec-
tric discrepancy between BaTiO; and P(VDF-TrFE) [21]. These examples further
highlight why the mechanism behind the combination of piezoelectric nanofillers
and piezoelectric polymers should be comprehensively explored.

5.2 Elastic modulus

It is also important to consider elastic modulus, the resistance to elastic deforma-
tion under load, according to the equation (Eq. (6)). A recent publication showed
that Young’s modulus plays an important role in a piezoelectric nanogenerator
[58]. In that work, H. S. Kim et al. used paraelectric BaTiO; nanoparticles as
fillers to exclude the effect from the piezoelectricity of the fillers. The Young’s
modulus increased from 2.17 to 3.03 GPa when the BTO content increased from
0 to 10 wt% and then decreased to 2.15 GPa as the content further increased to
30 wt% (Figure 4d). They found that the BTO content-output relationship was
directly related to Young’s modulus. Clearly, the optimal content for achieving the
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maximum Young’s modulus, which corresponds to the highest piezoelectric output,

should be identified.
5.3 Dielectric constant

Dielectric constants are an important parameter that also can affect the perfor-
mance of nanogenerators. In composites, the dielectric constant can change with
the volume of fillers. In a BaTiO;-PVDF composite film, the dielectric constant
increased from 8 to 31.8 at a frequency of 10" kHz when the volume fraction of fill-
ers was increased from 0-30% [59]. Furthermore, the size of the nanoparticles can
modify the dielectric properties. When the BaTiO3 filler size was increased from
10.5 to 34.6 nm, the dielectric constant at a frequency of 10* kHz increased from
20.1to 31. In another study, P. Kim et al. systematically studied the dielectric con-
stant and dielectric breakdown strength of a composite comprising P(VDF-HFP)
and phosphoric acid surface-modified BaTiO; nanoparticles [60]. The dielectric
constant increased as the nanoparticle volume fraction was increased from 0-60%
and then decreased as the nanoparticles volume fraction increased above 60%
(Figure 4e). The drop in dielectric constant at high volume fractions was attributed
to the effect of the porosity of the composites. The dielectric breakdown strength
decreased when the nanoparticle volume fraction increased, due to percolation of
the BaTiO; nanoparticles and air voids (Figure 4f).

6. Energy sources

In addition to mechanical deformation, such as uniaxial compression and bend-
ing, energy sources such as air flow, sound, and thermal fluctuation are also available.

A typical example of ambient natural sources is wind. Ferroelectric polymer-based
nanogenerators can easily yield electricity from wind energy because of their consider-
able flexibility. For example, Li et al. fabricated nanogenerators based on P(VDF-TrFE)
films to harvest mechanical energy from low speed wind, which is very close to winds
commonly observed in the natural environment [34]. The experimental setups are illus-
trated in Figure 5a. They evaluated the wind energy extraction capability by comparing
three instinct operating modes. Each operating modes exhibited different piezoelectric
energy harvesting behaviors, including mode frequency, output voltage, and power.
The authors concluded that a nanogenerator operating where the wind is incident to the
side of the film delivered high output power compared to other modes within the wind
speed range of 1.7 and 4.7 m/s (Figure 5b). These results may be attributed to the huge
deflection that occurred over the entire area of the nanogenerator.

Besides wind, sound is also an abundant energy source that can be found in
the environment. PVDF films can be used as an active layer for harvesting sound
waves. A variety of polymer-based nanogenerators have been developed to scavenge
energy from sonic inputs. For example, S. Cha et al. presented nanoporous arrays
of PVDF fabricated by a lithography-free, template-assisted preparation method
(Figure 5¢) [61]. They demonstrated that the porous PVDF nanogenerators gener-
ated an output voltage and current of 2.6 V and 0.6 pA, respectively. These output
values were 5.2 times and 6 times higher than bulk PVDF film nanogenerators,
respectively (Figure 5d). The piezoelectric potential was enhanced in the nanopo-
rous structure as a result of the geometrical strain confinement effect.

More recently, nanoweb-type nanogenerators were developed to convert sound
wave into electrical energy [62, 63]. The benefit of using nanowebs in nanogenera-
tors compared to films is their high power generation because they are more flexible
and easier to vibrate under the same acoustic waves.
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Pyroelectricity is a property of certain materials, which develop an electric field
across the polar axis when there is a temperature change. According to the pyroelec-
tric theory [64], the pyroelectric current is expressed as

aQ dT
[==%=8%" 7)
where Q, S, A, andT are the induced charge, the electrode surface of the

material sample, the pyroelectric coefficient, and the temperature, respectively.
Ferroelectric ceramics like PMN-PT and PZT have high pyroelectric coefficients
above 550 pCm ™ K™! compared to those of ferroelectric polymers (33uCm™K™).
As aresult, a PZT-based nanogenerator delivered more current density than that
of ferroelectric polymers. However, PVDF and its copolymers have also been
employed to harvest thermal energy from temperature fluctuations, where they
provide the benefits of light weight, low-cost, lead-free, flexible, and transparent
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(a) Schematic illustration of three different operation modes: Mode 1, mode II, and mode III. (b) Output
voltage (Vout) as a function of incident wind speed within the vange of 0.5-4.7 m/s for modes I, II, and

III. Reproduced with permission [34]. Copyright 2014, AIP publishing. (c) Schematic depiction of the potential
of porous nanogenerators genevated by the sonic wave. (d) Piezoelectric potential from the porous PVDF and
bulk structure under the same force. Reproduced with permission [61]. Copyright 2011, American Chemical
Society. (e) Schematic illustration of a PVDF/graphene ink pyroelectric device. (f) Open-circuit voltage

for aluminum electrode and PVDF/graphene ink pyroelectric energy harvesting device. Reproduced with
permission [68]. Copyright 2017, American Chemical Society.

63



Nanogenerators

properties [41, 65, 66]. A number of research groups have focused on improving
the performance of such nanogenerators by changing their designed conditions. For
example, D. Zabek et al. reported a simple modification of the electrode design in

a PVDF-based nanogenerator [67]. The partially covered electrode was developed
by photo-lithography and a wet etching process. The modification of the electrode
design enabled a significant increase in pyroelectric voltage (380%), current
(480%), and pyroelectric energy harvesting transformation (1080%) Their find-
ings showed that the electrode area coverage could be optimized by balancing the
ratio of the area of aluminum electrode required to get the free charge to the area of
exposed PVDF to improve heat transfer. In another study, they also demonstrated
that interconnected graphene nanoplates (GNPs) can be used as an electrode for
high thermal radiation absorbance and high electrical conductivity as shown in
Figure 5e [68]. The GNPs were easily deposited by a screen print technique. The
graphene ink/PVDF/Al system showed better performance than a system with
conventional aluminum electrodes (Figure 5f).

7. Biocompatibility

Lead (Pb) is considered one of the core materials in modern society because it
is inexpensive and has high density and resistance to corrosion. However, it is also
toxic and can harm multiple human body systems. Legislation has been adopted
in many countries to prevent and reduce the use of Pb in many communities [69].
Currently, many of the materials with high piezoelectric performance are lead-
based materials, that is, PbTiOs;, Pb(Zr,Ti) O3, PMN-PT, Pb(Mg;/3Nby/3) O3-Pb(Zr,Ti)
O; (PMN-PZT), and PIN-PMN-PT [70-72]. They are used in a wide variety of
applications including sensors, actuators, and ultrasonic transducers. The EU’s
Restriction of Hazardous Substances (RoHS) Directive of 2002 and its revision
(RoHS 2) in 2011 designated certain piezoelectric devices as exemptions since
lead-free piezoelectrics cannot completely replace all lead-based piezoelectrics at
this time [69]. Nevertheless, it is urgent to develop lead-free piezoelectrics that can
perform as well as or better than PZT.

From the biocompatibility point of view, one of the most promising alternatives
is a ferroelectric polymer. The unique advantage of PVDF and its copolymers lies
in their good stability, similar to PTFE. They are chemically inert and resistant to
sunlight [65, 73, 74]. There have been reports on the biocompatibility of PVDF-
based nanogenerators. For example, Y. Yu et al. demonstrated biomechanical
energy harvesting in a living organism using PVDF-based nanogenerator, where a
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(a) The variation of voltage output as a function of the testing period. Reproduced with permission [75].
Copyright 2016, Elsevier. (b) Stability of voltage outputs as a function of time for implantable NGs with
different packaging strategies. The purple and red bars vepresent implantable NGs with PDMS and PDMS/
Parylene-C package, respectively. Reproduced with permission [76]. Copyright 2018, Elsevier.
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mesoporous PVDF film was encapsulated by polydimethylsiloxane (PDMS) [75].
They inserted the nanogenerator under the skin of a mice’s leg and observed that
there were no signs of incompatibility induced by the NG. In addition, an output
voltage of 200 mV was stably generated from the gentle motions of the rat’s leg for
5 days as shown in Figure 6a. In another work, J. Li et al. studied PDMS and PDMS/
Parylene-C packaged PVDF nanogenerators implanted inside a female ICR mouse
for up to 6 months [76]. They observed no signs of toxicity or incompatibility via
pathological analyses and blood and serum test. In addition, there was no issue with
reduction in electrical outputs over the entire implantation period (Figure 6b).
Therefore, it is conceivable that PVDF-based nanogenerators can be used in a
biological environment.

8. Conclusions

In this chapter, we summarized recent studies of ferroelectric polymer PVDF-
based nanogenerators. PVDF and its copolymers are attractive materials for
nanogenerator applications. The materials are flexible, transparent, chemically
stable, easy to process, and biocompatible. Because of these advantages, PVDF-
based nanogenerators can be placed anywhere, including bones, human skins, and
wearable devices that usually have curved surfaces. In addition, they can harvest
electricity from a variety of energy sources.

Considerable effort has been expended by numerous research groups to enhance
the performance of PVDF-based nanogenerators using various fabrication meth-
ods, designing device structures, and incorporating fillers. However, studies on
PVDF-based nanogenerators are fairly limited. The mechanisms leading to the
enhanced performance after the incorporation of fillers should be comprehensively
surveyed. Especially, in the case of ferroelectric fillers, a careful approach to the
enhancement should be taken, since a piezoelectric effect also occurs with fillers.
To optimize nanogenerator performance, circuits for nanogenerators should be
developed. Their performance depends on the circuits and components, including
load resistors, capacitors, and wiring. In order to realize the commercialization
of PVDF-based nanogenerators, packaging of the devices is critical to prevent
mechanical fatigue. The selection of substrates and electrode materials can also
improve the mechanical properties of these devices. Therefore, the relationship
between a ferroelectric polymer layer and other layers should be considered.

We hope that this chapter will help readers to better understand principles of
PVDF-based nanogenerators. Furthermore, several new approaches that have been
in this chapter can be adopted for other applications, such as sensors, actuators, and
field-effect transistors.
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Chapter 5

Piezoelectricity in Self-Assembled
Peptides: A New Way towards
Electricity Generation at
Nanoscale
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and Andrei Kholkin

Abstract

Self-assembled nanostructured peptides are of great interest nowadays due to
their biocompatibility and an array of outstanding functional properties. Among
them, strong piezoelectricity combined with low dielectric constant is beneficial
for high voltage and power generation at the nanoscale. This Chapter is an overview
of the piezoelectric phenomena in self-assembled peptides including effects of the
growth conditions, self-assembly, and measurement techniques on their functional
response as well as the origin of strong piezoelectricity in this material. The cur-
rent status of electrical energy harvesting in self-assembled peptides useful for
biomedical applications along with the challenges and perspectives for using these
piezoelectric biomaterials will be discussed. This Chapter is expected to provide a
guidance towards future design and application of novel functional self-assembled
materials based on nanostructured peptides.

Keywords: self-assembly, peptide, piezoelectricity, nanogenerator,
energy harvesting

1. Introduction

One of the most important trends in modern microelectronics has been the
dramatic reduction in size, decrease in power consumption and, finally, increase in
the functionality. However, the batteries supplying the energy for the devices did
not decrease significantly in size over the last years (power density increased but
only several times, [1]). They represent currently a significant volume and weight
as compared to the overall size and weight of the device itself. As such, advances
in low power design of many electronic components opened up the possibility of
using energy from the environment to power these microdevices. This increases
their functionality as they can be completely autonomous and wearable and will
not require replacing batteries for the entire lifetime of the device. One of the major
mechanisms to achieve electric energy harvesting is piezoelectric effect, which
converts mechanical vibrations into electricity, and pyroelectric energy generation,
which uses temperature changes. The vibration sources are quite abundant and
can be found, e.g., in the human motion, blood flow, low-frequency vibrations of
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buildings, motion of the cars, and acoustic noise. These can be directly applied to
piezoelectric material to generate electric power. In fact, piezoelectric harvesting
allows easy miniaturization because piezoelectric effect is scale-independent and
can be even higher at the nanoscale [2].

The interest in the application of piezoelectrics and pyroelectrics for electrical
energy harvesting has grown significantly last years. Most piezoelectric harvesting
sources can produce power on the order of milliwatts but it is still small for large
systems. However, the generated power is just enough for hand-held and implanted
devices and miniaturized wearable electronics (e.g. sensor networks). Piezoelectric
energy harvesting has been investigated since the late ‘90s and it is currently consid-
ered as an emerging technology. Miniaturization of the devices requires using
nanoscale dimensions, so that electricity must be harvested timely and exactly
where it can be consumed. For example, it can be used for biomedical purposes, the
piezoelectric scaffolds for cell regeneration being one of such applications [3] and
for instrumented orthopedic implants [4].

Pyroelectric materials are a subclass of piezoelectric crystals with a polar struc-
ture. All pyroelectric materials are also piezoelectric, although the vice versa does
not occur. They exhibit a change in polarization with temperature change [5]. It is
well known that there is a noticeable temperature difference between the human
body and the ambient environment (the average human body temperature being
37°C). Therefore, there is always a heat loss from the human body to the ambient
environment, mainly through skin and through the process of respiration. This
waste heat can be converted into electric energy using pyroelectric effect. Several
pyroelectric nanogenerators have already been reported, which utilized pyroelec-
tric/ferroelectric materials [6-8].

Inorganic ferroelectrics, such as lead zirconate titanate (PZT), lithium niobate
(LNO) and barium titanate (BTO), are widely used as efficient piezoelectrics,
pyroelectrics, memory cells, and electrooptic modulators [9]. They possess high
switchable polarization, strong piezoelectric response, remarkable pyroelectric
and electrooptic properties, but have some disadvantages, such as poor biocompat-
ibility and brittle nature that limits their use in biomedical applications. Moreover,
their processing requires high temperatures, so their miniaturization and integra-
tion with microelectromechanical systems (MEMS) is difficult. Novel organic or
polymer materials (e.g. polyvinylidene fluoride, PVDF) seem to not have these
disadvantages, but still may require a protection from the tissue or cell in the in the
direct contact [10] because they are not biocompatible.

In this context, bioinspired materials with biocompatibility, easy preparation,
nontoxicity and environmental friendliness have been regarded as promising
alternatives [11]. Until recently, properties of organic and biomolecular piezoelec-
trics were considered by far inferior to those of their inorganic counterparts, thus
making their applications as piezoelectrics and pyroelectrics unfeasible. Recent
studies revealed that the softness of hydrogen bonds in some representative classes
of biomolecular polar materials may be the origin of strong piezoelectric effects at
room temperature [12]. It has been reported that the piezoelectric coefficients in
self-assembled short peptides (diphenylalanine, NH,-Phe-Phe-COOH) are practi-
cally the same as in popular transducer material LNO [13]. This discovery has led
to a surge in research on piezoelectric biomaterials. A variety of microstructures
and phases have been produced that could lead to the enhancement of physical and
chemical properties by designing molecular structures, fabricating heterostructures
and introducing dopants [14]. Several reports show that the piezoelectric response
in biomaterials is directly related to their phase, shape and growth direction [15]. It
has been found that piezoelectricity of peptide fibrils and phages in axial direction
is stronger than that in the radial direction [15]. Electric charges generated by the
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physical stimulation of piezoelectric biomaterials were found to stimulate bone
growth, wound healing and tissue regeneration [16].

This Chapter is an overview of the piezoelectric phenomena in self-assembled
peptides, focusing on diphenylalanine, and includes effects of the growth condi-
tions, self-assembly, and polarization of self-assembled nanostructures peptides
on their piezoelectric properties. The discussion will further focus on their applica-
tions as nanogenerators and energy-storage devices.

2. Introduction to self-assembled peptides

Supramolecular self-assembly plays a significant role in building highly ordered
and functional structures in biology. Natural biological tissues are hierarchically
structured, and these structures appear to correlate strongly with tissue properties
and functionalities. A single macromolecule can form various functional structures
when self-assembled under different conditions. Nanotechnology is trying to
imitate what Nature has achieved, with the precision at the nanometer level paving
a way to nanobiotechnology, a division of nanotechnology that involves exploita-
tion of bioorganic molecules on the nanoscale. The nanostructures obtained from
self-assembly of bioorganic molecules are attractive due to their biocompatibility,
ability for molecular recognition and ease of chemical modification, thus providing
an innovative route for fabricating multifunctional bioorganic electronic devices
[17]. Molecular self-assembly is the main bottom-up approach for the affordable
production of bulk quantities of well-defined nanostructures. Proteins and peptides
are the most versatile natural molecular building blocks, due to their extensive
chemical, conformational and functional diversity [18]. Various peptide-based
building blocks, such as aromatic dipeptides have been designed and developed for
the construction of organized supramolecular nanostructures [19].

Diphenylalanine (FF), a fragment of the Alzheimer’s p-amyloid peptide, is one of
the self-assembling dipeptides that have recently been a subject of intense research in
nanotechnology due to unique assembly characteristics [20]. It was found [21] that
the FF self-assemble into semi-crystalline nanotubes in an aqueous solution. X-ray
crystallographic analysis, first presented by Gorbitz [22], showed that FF dipeptide
has hexagonal crystal structure (P61 space group) and can form channel structures as
well as that these simple compounds crystallize with hydrogen-bonded head-to-tail
chains in the shape of helices with four or six peptide molecules per turn. The resulting
structures have chiral hydrophilic channels with a van der Waals’ diameter up to 10 A.
It was later shown that FF peptides can also self-assemble into diverse structures, such
as nanotubes [13, 23], nanowires [24, 25], nanospheres [26], microcrystals [27, 28] or
can be further designed as 0D quantum dots, depending on the deposition conditions
and the type of solvent. The self-assembling mechanism, in which FF nanostructures
are produced, is not yet fully understood. However, the most acceptable explanation
suggests that FF self-assembling mechanism is governed by non-covalent intermo-
lecular interactions such as electrostatic, hydrophobic, van der Waals, as well as by
hydrogen bonds between aromatic rings and n-x stacking interactions [21].

The FF nanostructures are of a special interest due to their unique physical,
chemical and mechanical properties. For example, FF nanotubes exhibit a high
Young’s modulus of ~ 19 GPa [28], a huge mechanical stiffness of 160 N/m [29]
and are stable under extreme conditions, including boiling water, organic solvents
such as ethanol, acetone and various acidic conditions [30]. The discovery of strong
piezoelectric activity [13], temperature-dependent spontaneous polarization and
phase transitions in these aromatic dipeptides have established them as nanomateri-
als with possible ferroelectric properties [13].
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3. Fabrication methods and piezoelectric properties

The self-assembly process of the FF dipeptide in tubes, as well as in rods,
microribbons, fibers, among others, is carried out in the presence of liquid (mostly
water) [21, 31-33]. The water molecules are contributing by electrostatic charge,
allowing FF molecules to move closer to each other to start the assembly process
[34]. Before mixing the original FF powder with water, it is necessary to prepare a
stock solution. Many studies [35] describe a standard stock solution prepared in a
concentration of 100 mg/ml in a polar solvent (acetic acid or hexafluoroisopropanol
(HFIP)). Usually, to ensure the growth of a different structures, the stock solution
is mixed in a different ratio with water. The standard method for preparing FF
tubes is to dilute the stock solution in deionized water to a final FF concentration of
2 mg/ml [13, 21, 27]. This method produces a multitude of tubes of various lengths
and diameters from tens of nm to hundreds of pm. Studies of these FF nanotubes
via Piezoresponse Force Microscopy (PFM) revealed a strong piezoelectric effect,
with the orientation of polarization along the tube axis [13]. The shear piezoelec-
tric coefficient (d;s~60 pm/V) was obtained for the nanotubes with ~200 nm in
diameter and was explained considering the dipeptide nanotubes as a crystalline
nanoceramic with polar structure.

Recently, FF tubes fabricated using this method were studied in two different
configurations [27]: (i) suspended ones (cantilever-type) with one edge clamped
to a rigid support. For the cantilever-like configuration, the tube edge was picked
up with tweezers and placed on the top of a conducting carbon tape whereas for the
study in (ii) longitudinal extensional mode, the tubes were prepared directly on a
patterned glass substrate coated with Au so as to comprise a conducting electrode.
Figure 1 illustrates these structures, focusing on the harvesting mode and experi-
mental configuration.

The vibrational response was investigated using an Atomic Force Microscopy
(AFM) setup where the conducting tip is used both to excite the piezoelectric
vibrations and to study the vibrational response via an additional lock-in ampli-
fier connected to the photodiode and synchronized with the driving voltage. The
measurement scheme is analogous to that used in the PFM method [36] but the
external ac driving was replaced with the internal one commonly used in AFMs for
the cantilever resonance calibration. Figure 2 represents the measured amplitude of
the deflection (DFL) signal in respect to the excitation frequency for the cantilever

@ {b) {c) AFM Cantiever

Conguctve Tape
|

Subsirate

d,, mode

Figure 1.

Scl%emutic of the energy harvesting configurations in (a) d;; and (b) dy, modes. (c) FF tube arrangement in
the experimental situation. AFM cantilever is used to excite piezoelectric resonances and to measure induced
vibrations as a function of frequency. Arrows are used to highlight inhomogeneous distribution of electric
field that helps to induce bending resonances in the system. Reproduced from [27], with the permission of AIP
publishing.
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Figure 2.

Piegoelectric resonances excited in the FF microtube. Solid line represents the resonance structure for the AFM
tip located in the middle. Dotted line is the example of the resonance peaks for the AFM tip close to the support.
Table in the set summarizes vesonance frequencies and quality factors for both configurations. Reproduced from
[27], with the permission of AIP publishing.

configuration shown in Figure 1 for two different tip positions. The studied tube
was 885 pm long and 13 pm in diameter. The measured resonance frequencies and
respective quality factors are shown in the inset to Figure 2. As it is clear from this
Figure, the peaks shift to higher frequencies with increasing distance between the
voltage application point (AFM tip) and the clamping point. However, the ratio
between the second and the first resonance modes is approximately the same, about
3.05-3.1. The quality factors are in the range 20-50 and are close to those reported
for piezoelectrically driven PVDF fibers prepared by electrospinning [37].

It was demonstrated [27] that self-assembled diphenylalanine microtubes pre-
pared from the solution can be used as piezoelectric resonators with the potential
to perform sensing and actuating functions in micro- and nanoelectromechanical
systems. The sharp piezoelectric resonance in the MHz range with the quality fac-
tor > 100 was already demonstrated. These parameters can be further improved by
scaling down the sizes of the devices down to sub-pm ranges.

An in-depth study of the piezoelectric properties of similar FF microtubes using
the advanced PFM were reported by Vasilev et al [38]. Piezoelectric coefficients of
the microtubes were measured in three different configurations (Figure 3). The full
matrix of piezoelectric coefficients was also determined in this work. Piezoelectric
coefficients are important input parameters for the design and fabrication of
harvesting devices based on nanostructured materials, including FF peptides.

Kim et al [25] have shown the influence of the different ratios between the
stock solution and water that impact on the hydrogen bond density, which leads
to a change of the self-assembled microstructure. This fact allows to understand
how the fabrication structure can be controlled. As concerned the manufactur-
ing methods, it is important to find the deposition techniques suitable for mass
production. By this way, the combination of the solution properties and deposition
technique will allow forming suitable structures for the applications. Today, several
liquid deposition methods can be implemented, e.g. simple drop-casting and inkjet
printing technology. These will be overviewed in the following section.

77



Nanogenerators

Figure 3.

Schematics of different configurations for the measurements of piezoelectric coefficients. (a) Measurement of d.g
(LF signal, displacements are shown by horizontal arrow) and d,, (DFL signal, vertical arrow).

(b) Measurement of clamped d.; (LF signal, horizontal arrow) and d;, (DFL signal, vertical arrow). Tube was
fixed by conductive glue (c) measurement of dy; (DFL signal, vertical arrow). Red line shows the laser beam
reflecting from the cantilever. Reprinted from [38], copyright (2016), with permission from Elsevier.

3.1 Drop casting method

The first method we discuss here is the drop casting. This method has a similar
principle of operation as inkjet printing, but does not need rheology adjustment and
special techniques to perform the directed growth. For the drop casting method,
one just needs micropipettes, stock solution, and water. Since the crystal growth
occurs in the radial direction of drying drops (from their edges to the center) on the
substrate, the initial form of the droplet determines the orientation of the crystals.
Thus, it is possible to control the growth direction of elongated structures. In order
to implement an unidirectional growth, the method of masking with hydrophilic/
hydrophilic areas was used [39]. In this study, a surface patterning technique was
conducted to align FF peptide nanotubes (PNTs). Patterned regions of Si substrate
were created by the growth of a silicon oxide via UV/ozone exposure through a Si
mask. Further control over the diameter and density of the PNTs is achieved by
heating the FF solution prior to drop casting. Figure 4 highlights the results from
solution with 2 mg/ml concentration grown on the different size of opening masks
(hydrophilic regions).

This method demonstrates high-quality results by simple control of FF nano-
tubes growing using different wettability of patterned substrates. The modification
of these aligned microtubes allows their application in microdevices.

3.2 Inkjet printing technology

Inkjet printing (IJP) of the materials is a method that allows to form the solid
structure from liquid microdrops. The inkjet printing technology can be used for
directing self-assembly of peptides to create controlled shapes of grown crystals,
by drop geometry for useful for microelectronic applications. IJP structuring of
peptides would allow depositing micro volumes with high precision on different
substrates. However, the IJP method requires special sample preparation. The main
parameters of materials for IJP are rheology, surface tension, pH and particle size.
Aswas described above, the standard method for self-assembly FF molecules and
microstructure growth is a mixing of stock solution and water. Since this mixture
forms a precipitate, it cannot be used directly for the printing method. Recently, an
ink composition suitable for printing and allowing one to self-assemble the structure
has been developed [40]. This work demonstrated the controlled deposition of FF
using drop-on-demand piezoelectric printing technology combined with high resolu-
tion and reproducibility (Figure 5a). A new conformation of the printed FF-based
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Figure 4.

SEM images grown tubes on the different size of opening masks: (a, b)—0.9 cm; (¢, d)—o.5 cm; (e, f)—o0.3 cm;
(g)—Schematic of Si substrate preparation: Opening vegions treated by UV/ozone for good wettability.
Reproduced from ref. 39 with permission from the Royal Society of Chemistry.

crystals grown from the ink, which was developed for this deposition method was
also demonstrated (Figure 5b). As is well known [40], printing ink must have certain
parameters for successful application. Viscous solvents and surfactants are commonly
used to change the viscosity and surface tension. But how do they affect the self-
assembled structure and its properties? Nowadays, it is known that solvents act on

FF molecules and cause significant electrostatic interactions between them [21]. This
interaction allows the formation of various microstructures, which is quite evident as
exemplified by the methanol — water mixture for the growth FF crystals [41].

In the case of ethylene glycol and surfactant, a change of grown microstructure
was noticed (Figure 5c). That should mean the change in the self-assembly process.
As aresult, a new crystalline structure was formed: this is not a hexagonal tube, but
a flat rhombic belt. The piezoresponse of that structure was investigated by PFM
method. The obtained FF belt-like crystals exhibited a high piezoelectric response
(Figure 5d), a piezoelectric coefficient d.g of 40 + 5 pm/V; this value is smaller
than the one observed for typical hexagonal FF microtubes (60 + 10 pm/V) [13],
but it is still higher than those measured in many organic piezoelectrics including
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polyvinylidene fluoride [42]. The value of the piezoelectric coefficient allows the
use this material for microdevice applications. In addition, the solution was adapted
to IJP technology which opened new possibilities for the application and fabrication
functional structure on the different substrates. In contrast to the simple drop cast
method, IJP allows depositing microstructures with controlled self-assembly order.

(©)

by

Initial solution

] 0rnm

(d)

o oE

Figure 5.

Optical and PFM investigation of printed FF structure: (a, b) inkjet printed FF crystals grown orthogonal to
the drop edge; (c) influence of the additives on the microstructure FF crystals (scale bar 500 ym); (d) PFM
measurement of printed crystals. Reprinted with permission from [40]. Copyright © 2018 American Chemical
Society.
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3.3 Dip coating technology

The dip-coating method is a common technique for the material deposition from
liquids. This method allows fabricating thin and thick films by dipping and pulling
the substrate in the bath with the solution. Since this method allows to control the
velocity of pulling and dipping, —it can be used for crystal growth and it was sug-
gested to align FF nanotubes on the polymer substrate (Figure 6a) [43].

By controlling the stock solution concentration in water and pulling speed,
the morphology of FF peptide nanostructures from the vesicles to elongated and
aligned nanotubes was found (Figure 6b). Furthermore, FF nanotubes show
unipolarity (Figure 6c), which is critical for the fabrication as piezoelectric energy
harvesters as nanogenerators.

3.4 Benefits and limitations of methods

Before comparing the discussed methods, the application areas must be first
defined. If the device to be designed does not require directed growth and the cost
should be low, the drop-casting method will be enough, because it is the simplest
technique and cost-efficient. However, if the device should be anisotropic and
directional response is needed drop casting on hydrophilic and hydrophobic sur-
faces is required [39]. By the puling and dipping of substrate (dip-coating method),
the deposition of oriented tubes on many surfaces can be performed, although it
depends on wettability of the substrates. But two big limitations of dip-coating
are: (1) both sides of the substrate are covered by tubes (2) deposition occurs

Evntoraia,

FF poluion

Figure 6.

Dip-coated aligned FF nanotubes: (a)—Schematic of the substrate pulling from a mixture of FF stock solution

and water: (b)—SEM image of the aligned FF tubes: (c)—PFM measurement demonstrated one direction of
polarization in parallel tubes. Reprinted with permission from [43]. Copyright © 2018 American Chemical Society.
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everywhere and additional patterning will be required. For the directed deposition,
the most effective method is inkjet printing, which allows jet drop the volumes as
small as 10 pL. The complexity of this method is to find an appropriate solution
formulation. A stock solution, mixed with many solvents, is demanded to prepare
a solution with required rheology, so that the microstructure can be adjusted to
specific application [40].

4. Examples of energy harvesting applications
4.1 Nanogenerator

The discovery of ZnO-based nanogenerators in 2006 [44] significantly
boosted the research on piezoelectric materials for energy harvesting applications.
Piezoelectric nanogenerators are based on the piezoelectric effect through which
mechanical energy is converted into electricity and vice versa via linear coupling of
mechanical strain and electric field. Since the discovery of piezoelectric nanogen-
erators based on ZnO, many other nanogenerators have also been developed, e.g.
based on flexible PVDF [45-47], triboelectric [48-50] and pyroelectric ones [6-8].

Peptide-based biomaterials were also recognized suitable for electrical energy
conversion. Recently, it has been reported [51] that FF vertical microrod arrays grown
under an external applied electric field, exhibit an effective piezoelectric constant
d33 of 17.9 pm/V The effect of the electric field resulted in a stretching of the peptide
backbone with a concurrent increase of the dipole moment. A power generator
was developed based on vertical FF microrod arrays with uniform polarization by
applying electric fields (Figure 7a, b) [51]. The FF-based power generator provided
an open-circuit voltage of 1.4 V with an applied force of 60 N (Figure 7c, d), and
a power density of 3.3 nW cm ™2 at 50 MQ, which is about 4 times higher than the
energy harvested by zinc oxide nanowires [44]. The FF-based nanogenerator was
integrated with a single-electrode triboelectric nanogenerator to form a hybrid device
[52]. Hybrid nanogenerator combines the advantages of both piezoelectric and
triboelectric nanogenerators, being able to provide the output voltages of 2.2 V.

Recently, a meniscus-driven self-assembly process was used to fabricate hori-
zontal large-scale FF microtube arrays with an asymmetric shape (Figure 8a) [43].
The FF nanostructure was adjusted by the type of the solvent, the solubility and
pulling speed. The resulting FF nanotube devices produce electrical energy upon
application of mechanical force. The FF-based device exhibited a voltage of 2.8V,
a current of 374 nA and a power of 8.2 nW, respectively, when a force of 42 N was
applied [43] and can power multiple liquid-crystal display (LCD) panels and can
power multiple liquid-crystal display panels (Figure 8b, c). These peptide-based
energy-harvesting materials are considered as compatible energy source for bio-
medical applications in a recent future. The parameters of several types of piezo-
electric nanogenerators are compared in Table 1. It can be seen that piezoelectric
nanogenerator based on horizontal FF tubes is the most efficient one.

4.1.1 Energy stovage

Piezoelectric biomaterials as exemplified by nanostructured peptides can be also
used for supercapacitors, due to their large specific surface area. Vapor deposition
technology has been recently used to grow FF peptide nanotubes arrays as a part of
electric double layer capacitor (EDLC) [55]. The capacitor based on these nanotubes
asmodified electrode showed a high areal capacitance of 480 uF cm™> which was is
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(a) Schematic of the FF peptide-based generator connected to the measurement equipment. Bottom-right inset:
Photography of a veal device. (b) Schematic of the measurement set-up in which a linear motor pushes with
controlled forces on the top electrode in (a). The linear motor was programmed to always keep contact with the
top electrode to minimize the effect of static charges. (c, d) open-circuit voltage (c) and short-circuit curvent (d)
from a generator using microrods from positive-EF growth. Reproduced from [51] with the permission.

Figure 8.

(a) Schematic illustration of FF peptide-based piezoelectric energy harvester (PEH); (b) Output voltage
responses with 1 G external load; (c) Photograph of the LCD driven by pressing the PEH with a finger.
Reprinted with permission from [43]. Copyright © 2018 American Chemical Society.

four times as high as that for carbon nanotubes modified electrodesand 30 times
higher than that for carbon electrodes without any modification. The FF nanotubes-
based capacitor demonstrated very high cycle stability and no significant capacity
loss after 10,000 charge—discharge cycles [55]. An external electric field was
applied to generate unidirectionally aligned and stable FF nanotube/microtube
arrays at room temperature [56]. The FF nanotube/microtubes with open ends
morphology and multi-layer walls were considered as the origin of the large specific
surface area. The FF nanostructures were used as electrodes to fabricate a superca-
pacitor, and a high specific capacity of 1000 pF cm ™ at a scan rate of 50 mV s™" was
obtained (Figure9).

83



Nanogenerators

Generator Voc, V Energy ds3, Applied force,
density pm/V N
PENG based on ZnO [53] 1.26 2.7 nW/em? 12.0 [54] —
PENG based on vertical FF [51] 14 3.3 nW/cm? 179 60
PENG based on horizontal FF [43] 2.8 8.2nW — 42
Table 1.

Parameters of piezolectric (PENG) nanogenerators.
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Figure 9.
Cyclic voltammetry measurements of the FTO electrode coated with unidirectionally aligned NTs/MTs (ved
line). Reprinted by permission from [56]. Springer nature. Copyright © 2014.

It has been reported [14, 55, 57] that FF nanostructures hold a potential as
high-capacity ultracapacitors for fast charging in energy storage applications
such as batteries for mobile devices and electric vehicles. In particular, vertical FF
nanostructures can increase the effective activation area of modified electrodes and
increase electrical conductivity [55].

5. Conclusions

The purpose of this book chapter was to give an overview of the most relevant
findings in the piezoelectric studies on self-assembled peptides, in particular using
diphenylalanine. Diphenylalanine, as a piezoelectric self-assembled dipeptide, is
important from both the fundamental point of view and real-world energy harvest-
ing applications. The morphology of FF peptide, the mechanism of self-assembly,
the doping/composite structure are of particular interest due to their effect on
piezoelectricity From the point of view of applications, two major applications were
highlighted: nanogenerators based on piezoelectric biomaterials, such as FF peptides,
and energy storage capacitors. Both types of nanogenerators described in this Chapter
combine high efficiency, stability and self-assembled features for energy harvesting
and storage that are desirable for future applications. Further, the research on self-
assembled materials with a high piezoelectric response, by controlling their composi-
tion and structure, can lead to the next generation of nanogenerators in a near future.
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Chapter 6

Piezoelectric/Triboelectric
Nanogenerators for Biomedical
Applications

Panpan Li, Jeongjae Ryu and Seungbum Hong

Abstract

Bodily movements can be used to harvest electrical energy via nanogenera-
tors and thereby enable self-powered healthcare devices. In this chapter, first we
summarize the requirements of nanogenerators for the applications in biomedical
fields. Then, the current applications of nanogenerators in the biomedical field
are introduced, including self-powered sensors for monitoring body activities;
pacemakers; cochlear implants; stimulators for cells, tissues, and the brain; and
degradable electronics. Remaining challenges to be solved in this field and future
development directions are then discussed, such as increasing output performance,
further miniaturization, encapsulation, and improving stability. Finally, future
outlooks for nanogenerators in healthcare electronics are reviewed.

Keywords: nanogenerator, biomedical application, self-powered healthcare devices,
energy harvester

1. Introduction

The ongoing development of nanogenerators in recent years has enabled the
design of self-powered systems that can operate without external power supplies.
Nanogenerators have the ability to harvest mechanical energy in different forms
from a variety of sources, including human body motion and activities. This makes
them particularly suitable for applications in the biomedical field. Nanogenerators
can convert the tiny mechanical energy in body motion, muscle contraction/
relaxation, bone strain, and respiration into electrical energy [1-4]. The gener-
ated electrical energy can be used as a sustainable energy source for implantable
biomedical devices, which would both reduce the volume of the powering unit and
eliminate the need for battery replacement [5-7].

A great deal of work has been invested in the study of biomedical applications of
nanogenerators, including self-powered sensors, pacemakers, and stimulators, and
the results have shown that nanogenerators can be very promising in the biomedical
field [8-15].

In this chapter, we first introduce the required characteristics of nanogenera-
tor materials that can be used in the biomedical field. Generally, there are two
main types of biomedical nanogenerators, piezoelectric nanogenerators (PENG)
and triboelectric nanogenerators (TENG), which have different operating
mechanisms. PENG are based on piezoelectric materials, such as polyvinylidene
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fluoride (PVDF) [8], poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-
TrFE)] [9], BaTiO; (BTO) [10], ZnO [11], Pb(Zr,Ti;_,)O; (PZT) [12], and

(1 — x)Pb(Mgy,3Nb,/3) 05-xPbTiO; (PMN-PT) [13]. While TENG are based on
triboelectric charges which are generated when dissimilar materials are in contact
[14, 15], their operating mechanism is a combination of tribo-electrification and
electrostatic induction between the two contacted materials [14, 15]. A broad
range of materials exhibiting these effects can be selected, which make TENG
ideal for biomedical applications. Besides the PENG and TENG nanogenerators,
there are also other types of biomedical nanogenerators using biofuel cells (BFCs)
or photovoltaics. BFCs transform chemical energy into electrical energy from
molecules present in human body [16], which are very promising since there is
>100 W of chemical energy in our body [17]. Flexible photovoltaic materials can
meet the conformability requirements of e-skin, thus showing the possibility of
solar-powered e-skin [18, 19].

Next, we will provide some examples of important biomedical nanogenerator
applications, including self-powered human activity sensors; pacemakers; cochlear
implants; simulators for cells, tissues, and brain; and biodegradable electronics.
After that, we will also discuss challenges and future outlooks for biomedical
nanogenerators, including their miniaturization, stability, encapsulation, and
output performance. We hope this book chapter will provide insight and inspiration
to people who are interested in biomedical devices and nanogenerator development.

2. Nanogenerator materials for biomedical applications

Self-powered biomedical devices require nanogenerators that can directly harvest
energy from their surroundings, in this case, from activities in the human body. This
also requires the nanogenerators to have specific designs that respond to different
mechanical stimuli with high sensitivity, since many bodily activities are subtle.

The materials used in biomedical nanogenerators should also be biocompat-
ible. The primary conventional piezoelectric material is lead zirconate titanate
(PZT). PZT has a high piezoelectric coefficient; however, the toxicity of Pb makes
it unsuitable for application in the human body. Scientists have been searching for
other materials in efforts to develop alternatives to lead-based nanogenerators. One
of the emerging lead-free piezoelectric materials, 0.5Ba(Zr,Tipg)05-0.5(Bag;Cag3)
TiO; (BZT-BCT), has a piezoelectric coefficient comparable to PZT and also good
biocompatibility, which makes it a promising candidate for applications in the
biomedical field [10]. ZnO has also attracted great interest because of its favorable
characteristics, which include piezoelectricity, biocompatibility, transparency, and
large-area fabrication [11].

In many cases, nanogenerators based on nanowires, nanobelts, and nanorods
can be placed into specific structures to fit inside the body. Nanostructures, nano-
composites, or piezoelectric polymers specifically designed with superior flexibility
and elasticity are particularly preferred for biomedical applications. For example,
poly(vinylidenefluoride-co-trifluoroethylene) [P(VDF-TrFE)]-based nanogenera-
tors have demonstrated good piezoelectric coefficient, flexibility, and biocompat-
ibility [20-24].

Finally, nanogenerators used in the biomedical field should have high sensitiv-
ity and efficiency because many bodily activities, such as respiration, heartbeat,
muscle stretching, or blood circulation, are very gentle and render a small ampli-
tude. Nanogenerators need high energy conversion efficiency and sufficient output
power to be used in devices with comparable size [25-27].
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Piezoelectric Characteristics Biomedical applications

materials

PZT High piezoelectric coefficient, toxicity Energy harvesting from body motion,
including the heart, lung, and
diaphragm [4, 28]
Cochlear implant [29]
Eye fatigue detection [30]

PMN-PT High piezoelectric coefficient, toxicity Cardiac pacemaker [13, 31]

(Na, K)NbO,

Piezoelectric, biocompatible

Cardio-mechanical electric sensor [32]

BaTiO;-based

High piezoelectric coefficient,

Implantable medical devices [10, 32]

biocompatible
ZnO Piezoelectric, low toxicity, biodegradable, Biosensors [33]
transparency
PVDF Piezoelectric, flexibility, elasticity, In vivo biomechanical energy
biocompatibility harvesting [8, 27]
Cochlear implant [34]
PVDF-TrFE Piezoelectric, flexibility, biocompatibility Energy harvesting [9, 20-24]

Pressure sensor [26]
Bone tissue engineering [35]

Poly-L-lactic
acid

Piezoelectric (shear piezoelectricity in

particular), shape-adaptable, biodegradable,

biocompatible

Energy harvesting [36]
Biodegradable implants [37]

Table 1.

Piezoelectric materials can be used for nanogenevators in biomedical field.

There are many nanogenerator materials that have been reported thus far.
Some representative piezoelectric materials that can be used for nanogenerators in
biomedical applications are shown in Table 1.

In the future, it will be critical to further develop nanogenerator materials with
more precise conformity to medical principles and the requirements of clinical

applications.

3. Examples of nanogenerator applications in the biomedical field

Energy harvesting systems based on irregular body motions or mechanical
deformation are promising candidates for self-powered biomedical devices [1-4].
Using nanogenerators inside the human body is of great medical interest because
they can scavenge inexhaustible biomechanical energy from muscle contraction/
relaxation, blood circulation, respiration, and cardiac motion and convert it into
electrical energy [5-10]. Several examples of the applications of nanogenerators in
the biomedical field are illustrated in the following text.

3.1 Nanogenerators can be used as self-powered pressure sensors

Human healthcare monitoring is becoming increasingly significant because of
the need for early disease diagnosis and daily health assessments. Conventional
monitoring systems are usually powered by batteries, which have limited lifespan
and can cause many problems [38]. Self-powered nanogenerators can solve the
power supply issue and can be easily integrated into the healthcare system [38].
Some examples are listed below.
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A cardiac sensor, used for heart-rate monitoring, is a critical component in per-
sonal healthcare management. Self-powered nanogenerators have been employed in
self-powered cardiac sensors, as shown in Figure 1 [5]. Besides the merit of self-
powered, they are non-invasive, cost-effective and user-friendly. These implantable
cardiac sensors can detect a number of arrhythmic symptoms and provide real-time
feedback spontaneously [5]. Compared to current wearable heartbeat monitoring
systems, the implantable cardiac sensors can provide both higher accuracy and
greater reliability [39]. Self-powered wireless cardiac sensors have a great potential
in the future heart healthcare monitoring market.

Physiological parameters such as respiration rate, blood pressure, and pulse rate
are major concerns in clinical practice [40]. Failure to detect these signals timely
can result in life-threatening conditions [40]. Scientists recently fabricated self-
powered TENG-based pressure sensors with a high sensitivity of 150 mV/Pa [41].
When the flexible pressure sensor was attached to the human body, respiration and
pulse were accurately and spontaneously monitored [41]. The sensitivity, flexibility,
and robustness of nanogenerators allow them to be used in wearable and wrist-
based pulse wave detectors [40-43].

3.2 Nanogenerators can be used in pacemakers

When a heart’s natural pacemaker is not working properly, resulting in a heart-rate
that may be too fast, too slow, or irregular, a doctor may implant a device called pace-
maker to restore the heart’s nature rhythm. Implantable battery-powered pacemakers,
which use electrical impulses to stimulate the heart muscles and regulate heartbeat,
have been in clinical use for more than 50 years [13, 15]. Pacemakers have made sig-
nificant contributions to the treatment of heart diseases such as sick sinus syndrome,
heart blockage, and abnormal heart rate [13, 15]. However, every 7-10 years, surgery
is needed to replace the pacemaker battery [44, 45]. Self-powered devices can prolong
the pacemaker’s operation and eliminate battery replacement surgery.

Both PENG and TENG have been investigated for cardiac pacemakers [46, 47].
Generally, PENG are more robust and durable, but their outputs are relatively low.

Figure 1.
Illustration of heart-rate monitoring by a wireless self-powered cardiac sensor. Reprinted with permission from
[5]. Copyright (2017) American Chemical Society.
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TENG materials show a higher output, but they need to be well encapsulated to
prevent leakage. A schematic diagram of cardiac pacemaker without battery that
can pace the porcine heart is shown in Figure 2 [31].

3.3 Nanogenerators can be used in cochlear implants

Cochlear implants are neural prosthetic devices that can restore a sense of
hearing to people with hearing disability. Cochlear implants work by picking up
sound using a microphone located externally above the pinna, and with an external
processor, convert the microphone output into electrical pulses that are transmit-
ted internally using a transmitter or receiver to finally stimulate the auditory
neurons using an array of electrodes implanted in the cochlea [34]. The conceptual
schematics of the cochlear and the basilar membrane are shown in Figure 3.
However, current cochlear implants have limitations, because they require external
components, which are inconvenient for patients. A totally implantable cochlear
implant powered by a nanogenerator would address this issue [48]. Scientists
have reported the fabrication and characterization of a prototype polyvinylidene
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Figure 2.
Schematic diagram of self-powered cardiac pacemaker that pace the porcine heart in vivo. Reprinted with
permission from [31]. Copyright (2019) American Chemical Society.

Basal
.,

u,

Basilar Membrane

Cochlea

Figure 3.

Conceptual schematics of the cochlear and the basilar membrane. Reprinted with permission from [48].
Copyright © Yudong Liu, et al. 2018.
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Cells and tissues Required electrical Reference
fields
Migration of nerve cells 7 mV/mm [49]
Migration of embryonic cells 150 mV/mm [50]
Migration of neural crest cell 150 mV/mm [51]
Migration of human keratinocytes 10-100 mV/mm [52]
Wound healing 40-180 mV/ mm [53, 54]
Cultivation of human bone marrow mesenchymal stem cells 10-600 mV/mm [55]
Proliferation of osteoblastic cells 20 mV/cm [56]
Proliferation, migration, and differentiation of muscle Several to tens of nA/cm? [57]
precursor cells
Cardiac adipose tissue-derived progenitor cells 5mV/mm [58]
Muscle stimulation mA-level current [59]

Table 2.
Required electrical fields for cellular and tissue behaviors.

fluoride polymer-based implantable microphone for detecting sound inside gerbil
and human cochleae [34]. These results demonstrate the feasibility of the prototype
devices as implantable microphones for the development of completely implantable
cochlear implants. For patients, this will improve sound reception by utilizing the
outer ear and will improve the use of cochlear implants. It should be noted that the
development of nanogenerators in cochlear implants field is at the very early stage.
They will need further design and innovation to achieve miniaturization, low-
power electronics, and an implantable microphone, before they meet the require-
ments of clinical applications.

3.4 Nanogenerators as stimulators for cells and tissues

Electrical signals play an instructive role in many cellular behaviors, including
cell proliferation, differentiation and migration, and tissue wound healing and
regeneration. Several examples and their required electrical fields are shown in
Table 2.

Nanogenerators can provide electrical stimulation for cells and tissues [60-63].
A recent report shows that a self-powered well-aligned P(VDF-TrFE) piezoelectric
nanofiber nanogenerator can be used as a piezoelectric stimulator for bone tissue
engineering, as shown in Figure 4 [35]. The well-aligned piezoelectric P(VDF-
TrFE) nanogenerators encouraged the MC3T?3 cells to proliferate in vitro under a
sustainable piezoelectric stimulus. This provides insights into the application of
P(VDF-TrFE) piezoelectric nanofiber nanogenerators as a self-powered electrical
stimulation system to assist tissue repair and regeneration.

Electrical muscle stimulation is clinically employed for rehabilitative and
therapeutic purposes [60]. Figure 5 illustrates recent research using a stacked-
layer triboelectric nanogenerator (TENG) through a flexible multiple-channel
intramuscular electrode, which permitted electrical muscle stimulation [60]. Such
a self-powered system could be potentially used for rehabilitative and therapeutic
purposes to treat muscle function loss.

Nanogenerators have also been developed for skin wound healing. Scientists
reported an efficient electrical bandage for accelerated skin wound healing [61].
From in vitro studies, they showed that accelerated skin wound healing could
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Figure 4.

Proliferation of MC3T3 cells on P80-NG, P100-NG, and control A-NFM. (a) Fluorescence microscopy images
of MC3T3 cells on A-NFM, P80-NG, and P100-NG. (b) MC3T3 cells proliferation after 1, 3, and 5 days of
culture. The scale bar is 100 ym. The P(VDF-TrFE) nanofiber membranes (NFMs) poled with the electric
field of 80 MV/m and 100 MV/m were labeled as P80-NG and P100-NG, respectively. The samples treated by
annealing were coded as A-NFM. Reprinted with permission from [35]. Copyright, © 19962019 MDPL.

be attributed to electric field-facilitated fibroblast migration, proliferation, and
transdifferentiation [61]. This research could lead to a facile therapeutic strategy for
nonhealing skin wound treatment.

3.5 Nanogenerators can be used in deep brain stimulators and neural
stimulators

Deep brain stimulation is an effective treatment for a variety of neurological
disorders, including Parkinson’s disease, essential tremor, and epilepsy [64-66].
At present, it involves administering a train of pulses with constant frequency via
electrodes implanted in the brain [67]. However, the implantable brain stimulator
requires surgery to replace the battery every 3 to 5 years [68]. Self-powered deep
brain stimulation is a future technology which does not need external power supply.
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Figures.
Schematic illustration of direct electrical muscle stimulation powered by a triboelectric nanogenerator.
Reprinted with permission from [60]. Copyright (2019) American Chemical Society.

Scientists have developed a flexible Pb(In;/,Nb;/,) Os~Pb(Mg;,3Nb,/3) Os~PbTiO;
(PIMNT) energy harvester that can be used in a self-powered deep brain stimulator
[68]. More researches in this field open a new avenue for future deep brain stimula-
tion using self-powered deep brain stimulator.

Modulation of neural signals using implantable bioelectronics is an emerg-
ing field in fields such as neuroprosthesis and bioelectronic medicine [69-72].
Triboelectric nanogenerators (TENGs) show a promising performance as a power
source for neuro-stimulators. Recently, scientists have developed a novel water/
air-hybrid TENG that can be used for force-controlled direct stimulation [69]. In
another research, scientists present an implanted vagus nerve stimulation system
that is battery-free and can spontaneously respond to stomach movement [70].
These provide a concept in therapeutic technology using artificial nerve signal
generated from coordinated body activities.

3.6 Nanogenerators as biodegradable electronics

Biodegradable electronics are quite a new scientific term but also an emerging
area of research. The general goal is to create human-friendly electronics and enable
the integration of electronic circuits with living tissue [73]. Biodegradable electron-
ics, also called transient electronics, are built with degradable organic and inorganic
materials, so that they can be integrated with living tissue and used for diagnostic
and/or therapeutic purposes during certain physiological processes [74-77]. Once
the therapeutic or diagnostic process is completed, the transient devices can be left
behind in the body and will degrade and be absorbed gradually without any residue.

Reports show that a biodegradable triboelectric nanogenerator can degrade and
be absorbed by the human body after completing its work cycle, so no operation is
needed to remove them, leaving no long-term effects [76, 77]. This demonstrates
the potential of nanogenerators as a power source for transient medical devices.

Scientists have recently introduced a fully biodegradable nanogenerator based
on gelatin film and electro-spun polylactic acid nanofiber membrane, which is fully
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biodegradable in water [75]. The TENG are disposable and do not harm or pollute
the environment.

In general, biodegradable triboelectric nanogenerators offer a promising green
micro-power source for biomedical implants, by harvesting energy from body
movements, and then dissolve with no adverse effect. The biodegradable medical
device field is an emerging area, which shows a great potential for in vivo sensors
and therapeutic devices.

4. Future development

The development of nanotechnologies can greatly advance healthcare systems.
Nanogenerators can provide complementary or alternative power to traditional bat-
teries in healthcare electronics. Autonomous biomedical devices might be realized
with the development of nanogenerators, which will revolutionize the biomedical
device and healthcare systems. We expect that autonomous self-powered biomedi-
cal systems with active sensing properties are the future development direction of
medical devices.

Currently, the key challenges that need to be solved in the field of self-powered
implantable medical devices are miniaturization, encapsulation, and stability.
There is a strong demand for implantable medical devices with reduced size and
weight, to minimize impact on daily activities and increase patient comfort. Also,
TENG performance is greatly affected if moisture or liquid leaks into the device
when applied in vivo. To avoid corrosion by body fluids, it will be necessary to
develop durable and flexible encapsulation to protect the stability and working
efficiency of TENG [5, 6].

Future nanogenerator developments in this field are expected to address the
following three aspects. Firstly, output performance and energy conversion effi-
ciency should be increased to meet clinical requirements. Secondly, to be used in
the human body, nanogenerators need to be highly flexible, sensitive, and durable.
For example, many in vivo movements are gentle, and their amplitude is very small,
so the nanogenerator must be sensitive enough to exploit small scale motion [7, 14].
Thirdly, since the in vivo environment can be very complex and challenging, careful
packaging is needed using biocompatible and soft materials.

In general, nanogenerators have many advantages, including high efficiency, low
cost, light weight, and easy fabrication. Nanogenerators have an excellent potential
for application in a variety of uses, to provide a sustainable power source for self-
powered biomedical electronics and healthcare monitoring systems. With further
cutting-edge research and development in this field, a revolution in biomedical
devices and healthcare system will be realized in the future.

5. Conclusion

In this chapter, we introduced typical nanogenerator materials that have been
developed for biomedical applications. We summarized several examples of how
nanogenerators can be used in the biomedical field. We included recent research on
nanogenerators in self-powered pressure sensors; pacemakers; cochlear implants;
stimulators for cells, tissues, and the brain; and biodegradable electronics. We also
pointed out the challenges facing current research and future research directions
for nanogenerators in medical devices. We hope this work provides insights and
inspiration for future biomedical device and nanogenerator research.
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