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Summary

Summary

Triboelectric effect has been proposed as a method to harvest mechanical
energy from various sources in the environment. It also has applications in the
area of sensors including motion sensors, pressure sensors and chemical
sensors. This thesis explores the applications of triboelectric effect based
contact electrification for mechanical energy harvesting and self-powered
sensing. A comprehensive study has been conducted using micro-patterned
arrays to improve the understanding of device design parameters for
triboelectric nanogenerators (TENG) cantilever configuration. Patterned layers
were found to have better performance than unpatterned triboelectric layers. In
the investigation, it was found that introduction of air voids with an optimum
size was necessary to achieve better performance for TENG. It was also
concluded that the performance of the TENGs could be significantly improved
using smaller sized structures/patterns on the triboelectric layers. The optimum
power produced by the device was measured to be 0.91 uW at 1g.

To develop wearable energy harvesting devices, human skin has been
proposed and demonstrated as a potential triboelectric layer for biomechanical
energy harvesting. The device generated a peak voltage of 70V and peak current
density of 2.7 pA/cm?. The skin based TENG has been demonstrated to capture
mechanical energy from various human activities. The design for triboelectric
nanogenerator has also been developed into a capacitance based sensor to
accurately capture the finger movement. The triboelectric nanogenerator
integrated with sensor can be used for osteoarthritis rehabilitation and advanced

gesture input devices.



Summary

A novel mechanism based on triboelectric effect has been proposed to
differentiate between the physical interactions in normal and sliding directions.
This design can be used for tactile sensing applications. The device has also
been demonstrated to harvest mechanical energy in multiple directions. This
small form factor device can be used as a tactile sensor and also an energy
harvester to capture energy from keyboard strokes or switches. The device was
obaserved to generate a peak voltage and current of ~90 V and ~0.57 pA using
normal force, respectively. Through the sliding motion, the peak voltage and
current generated were measured to be ~5 V and ~0.08 pA, respectively.

For large scale fabrication of triboelectric sensors and nanogenerators, a
scalable fabrication process has been developed. Roll-to-roll UV embossing is
used to pattern large scale polymer films to improve the device performance.
The fabricated large scale nanogenerator produced a peak power density of 62.5
mW m. The large scale fabrication has been demonstrated to fabricate a large
size pressure sensor array. The pressure detection sensitivity was observed to
be 1.33 V kPal. The sensor array has also been characterized and demonstrated

for applications in posture monitoring, security systems and patient monitoring
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1. Introduction

1.1. Motivation

As the human race strives to improve the quality of life, we have become
increasingly surrounded by consumer electronic devices and sensors. These
devices and sensors are constantly evolving into an interconnected network also
termed as Internet of Things (loT). Miniaturization of sensors and
microprocessors are driving this trend forward. It is expected that by 2020, by
a conservative estimate nearly 50 billion devices and sensors will be connected
with each other (Figure 1.1) [1]. In future, these devices will change the way
we track the environmental conditions, air/water quality, structural health and
human body condition. But as the number of devices and sensors increases,
they also pose a great technical challenge of powering these sensors and devices
in order to operate and perform necessary functions i.e. sensing, collecting,
transmitting and analyzing data (Figure 1.2). One of the main components of
these electronic devices are batteries needed in order to fulfill the power
requirements. As the batteries can only store limited amount of charge, it puts a
restriction on the duration of time for which the devices and sensors can be
powered. Another huge challenge is the disposal of batteries after the end of
their lifetime. The elements used in the dry batteries such as lithium, mercury

and cadmium pose severe risks for health of living beings and the environment

[2].



Chapter-1
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Figure 1.1: Growth of the number of connected devices. Source: Cisco IBSG,
April 2011.

The electronic devices are following a trend of miniaturization, driving
down the production cost which is leading to further increase in the number of
devices. As the number of devices increases in forms of wearable gadgets and
sensors, each individual will own and use a large number of these devices. This
will result in managing the power requirements and it will become practically
very difficult to power the loT completely through batteries. Therefore it
becomes imperative to move onto newer, greener and sustainable ways of
powering numerous electronic devices and sensors enabled by the IoT.

Harvesting energy from the surroundings is an approach to generate
energy to power devices and sensors in a sustainable manner. There is enormous
amount of energy available in our daily living environments, which is wasted
without being put to any use. This energy is available in the form of motion,
vibration, wind energy, solar light, heat and sound energy. Most of the energy
available in these forms can be captured and used to convert to electrical energy.
Sun is one of the biggest and lasting source of energy, and immense research

effort has been put into developing efficient solar cells. But solar energy is
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subjected to many external factors e.g. weather, location and time. Therefore in
order to develop energy harvesting solutions, it is important to design and
develop novel solutions to harvest in other forms such as motion, sound waves
and heat. The energy generated by these devices can be used in conjunction with
the batteries to fulfil the power requirements of electronic devices and sensors.
This will lead to the development of self-powered systems with an ability to
harvest energy from their surroundings to meet their power needs. These self-
powered systems will have applications in biomedical,
environmental/infrastructure monitoring, security, sports training, healthcare

and defense technology.

Sense
S — - —
Sensor e : 3 ‘ Collect/
nodes e w E i ‘ transmit
Analyze
Environment Air/water Healthcare
monitoring quality [
Generate
- a ¢ v : data
w Q) (
—_— S 5 Process

data

Power
requirements

Figure 1.2: A schematic depicting component of Internet of Things (IoT). The
blocks in red color depict the functions which require power in order to operate.

1.2.  Mechanical energy harvesting

Mechanical energy is one of the most ubiquitous sources of energy around
us. It is available in the form of human movement, breathing, heartbeat, vehicle

motion and vibrations (Table 1.1). This mechanical energy is a result of
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conversion from one form to another e.g. chemical energy stored is converted
to motion using metabolism for human activities and energy stored in fuel is
converted to mechanical energy by burning the fuel in case of vehicle motion.
This mechanical energy is generated through activities which are done as part
of daily lives to serve a specific purpose e.g. to move from one place to another,
to lift object, to pump blood to different body organs etc. Table 1.2 summarizes
the mechanical power available from various human activities. During these
activities, solutions can be developed to capture and scavenge the energy for
useful purposes without necessitating to work specifically to generate energy.
Moreover, other sources of energy including vibrations, vehicle motion and
wind energy can be harvested to convert into electrical energy.

Table 1.1: Sources of mechanical energy in the day-to-day surroundings

Human activity Walking, running, lifting objects, breathing, heart
palpitation, typing, hand movement, blood flowing through
the blood vessels, speaking

Inside home Door closing and opening, pressing switch, vibrations from
household appliances e.g. microwave, air conditioner,
refrigerator etc.

Outside home Wind energy, vehicle movement on the roads, vibration
from vehicles e.g. engine and chassis, rotational kinetic
energy from tires

Industrial plant Movement of vehicles, vibrations from machines, human
movement

Table 1.2: Biomechanical energy/power available from the different human
activities

Human activity Mechanical power available
Blood flow 0.93W

Exhalation 1.00 W

Upper limb movement 3.00 W

Finger typing 6.9-19 mW

Walking 67 W
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Traditionally, three principles have been used for the conversion of

mechanical energy into electrical energy at relatively smaller scale:
e Piezoelectricity
e Electromagnetism
o Electrostatics

Piezoelectric mechanism is one of the most popular strategies to harvest
ambient mechanical energy and is based on property of the material known as
piezoelectricity [3]. This property is found in materials such as lead zirconate
titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AIN). These materials
have been used to fabricate microelectromechanical systems (MEMS) based [4]
and macro scale [5] piezoelectric energy harvesting devices. In recent years,
nanofabrication techniques have been used to fabricate piezoelectric energy
harvesters which are more commonly referred to as nanogenerators [6, 7].
Electromagnetic energy harvesting devices work on the principle of Faraday’s
law of induction [8]. These devices comprise of magnetic materials and micro-
fabricated coils. The micro-fabrication techniques pose design limitations of
miniaturization of devices [9]. Electrostatic energy harvesters are based on a
parallel plate capacitor system. These devices require external bias voltage in
order to operate. Some of these devices use electrets as internal bias to convert
mechanical energy into electrical energy [10].

Recently, a new principle known as triboelectric mechanism has been
proposed as a new method for mechanical energy harvesting [11]. Triboelectric
mechanism has considerable advantages over other mechanism described
earlier. These devices have high power output, low cost, easy fabrication and

wider choice of materials for fabrication. This mechanism uses contact
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electrification and electrostatic induction in conjunction to convert mechanical
energy into electrical energy. Various micro/nanofabrication techniques
including soft lithography, nanoparticle deposition, chemical/physical etching
and block polymer self-assembly have been utilized for fabrication of these
energy harvesting devices. The detailed working mechanism of these devices is
explained in Chapter 2. Mechanical energy harvesters based on triboelectric
mechanism are more commonly termed as triboelectric nanogenerators

(TENGsS).
1.3. Scope and organization of thesis

This thesis is aimed at developing mechanical energy harvesting solutions
using triboelectric mechanism. The overarching objective of energy harvesting
technology is to realize self-powered sensor systems and electronic devices. The
research work conducted for this thesis utilizes triboelectric effect to develop
self-powered sensor systems, which can function without the need of external
power. These self-powered systems will have immense applications in future in
the area of healthcare, security systems, remote patient monitoring and
rehabilitation. If any technology has to be taken to masses and commercialized,
it is important to make the technology scalable to take advantage of economies
of scale leading to low cost of the devices. The research conducted also
demonstrates the scalable fabrication of triboelectric energy harvesting devices
and sensors. The organization of the thesis as per research work conducted is
explained hereafter.

To start with, a comprehensive literature review was conducted. Chapter
2 details a review of mechanisms used for mechanical energy harvesting

including piezoelectric, electromagnetic, electrostatic and triboelectric. As the
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main focus of this thesis is using the triboelectric effect to design and develop
mechanical energy harvesters, special attention has been paid to the triboelectric
mechanism and TENGs. The working principle of the TENGs has been
explained. Thereafter fabrication techniques used to realize TENGs have been
reviewed. The next part of the literature review was conducted for the two major
directions of the research: 1. triboelectric mechanism based energy harvesting

devices and 2. triboelectric mechanism based self-powered sensors.
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Figure 1.3: Summary of the proposed device designs in the thesis. (a) Cantilever
based design used to study the effect of topography on the performance of
TENG. (b) Skin based wearable TENG which can be used to harvest
biomechanical energy harvesting. The harvested energy can possibly be used to
power small wearable sensors and/or other devices. (¢) Schematic of large scale
nanogenerator design. The photograph shows the patterned PET film fabricated
using roll-to-roll UV embossing process. (d) Schematic of the pillar based
design. This design can be used to harvest energy from both normal and shear
force.

In order to conduct design and develop mechanical energy harvesting
devices, an understanding of the working mechanism and device operation is
necessary. Keeping this objective in mind, a detailed study was conducted to

study the effect of surface topography on the TENG device performance as
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described in Chapter 3. The study was carried out using micro fabricated arrays
of SU-8 micropillars and elastic PDMS micropad structures. The device design
used for the experiments is shown in Figure 1.3a. Experiments were designed
by changing the microstructure dimension and microstructure area density for
different array configurations. This variation of microstructure array was used
to systematically study the effect of microstructure array configuration on the
output performance of TENG.

Chapter 4 describes the development of TENGs for wearable energy
harvesting applications. This chapter explores human skin (epidermis) as a
triboelectric material for wearable energy harvesting applications. The
schematic of the proposed design is shown in Figure 1.3b. The chapter explains
the fabrication of flexible devices with micro/nano structures to improve the
performance of wearable skin based TENGs. These skin based TENGs were
developed to harvest energy from muscle movement from day-to-day activities.
These devices were also developed as self-powered sensors for applications in
human motion tracking, advanced gesture devices, human machine interfacing
and rehabilitation.

One of the major bottlenecks in bringing the TENG devices closer to
market and consumers is lack of scalable fabrication methods for large scale and
low cost manufacturing of these devices. Chapter 5 proposes the fabrication of
TENG and triboelectric mechanism based self-powered sensors using scalable
fabrication methods. Roll-to-roll ultraviolet (UV) embossing was used to
pattern large polymer films, which were used to fabricate large size TENG as
shown in Figure 1.3c. Self-powered pressure sensor array was also designed and

demonstrated which can be fabricated at very low cost using large scale
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processing techniques. The fabrication process flow was proposed and
developed which can be used for industrial scale fabrication of TENG and self-
powered sensor devices.

Chapter 6 proposes a novel a mechanism design to differentiate between
the mechanical interactions in normal and sliding directions. The device uses
PDMS micropillars inserted in the etched holes as shown in Figure 1.3d. The
device can also be used to harvest mechanical energy in multiple directions.
This small form factor device can be used as a tactile sensor and also an energy
harvester to capture energy from keyboard strokes or switches.

Chapter 7 concludes the thesis with key findings and developments in the
area of triboelectric mechanism based mechanical energy harvesting. It also
proposes the future work which will be conducted to complement and continue
the research to develop novel and more efficient mechanical energy harvesting

devices.
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2. Overview of Energy Harvesting

Technologies

Harvesting or scavenging mechanical energy from the surroundings is a
potential strategy to develop self-powered sensor nodes and electronic devices.
In this chapter, a literature review is presented for various mechanical energy
harvesting technologies to understand the state-of-the-art. The first part of the
chapter discusses commonly used principles to convert mechanical energy into
electrical energy. Basic physics and working all the mechanisms have been
explained and previously developed devices by other research groups have been
reviewed.

The second part of the chapter reviews the progress in the area of TENGs.
Different working mechanisms, materials and fabrication techniques utilized for
TENG devices have been reviewed. Thereafter, applications of TENG devices
to harvest mechanical energy in different forms e.g. biomechanical energy,
vibration energy and wind energy, has been discussed. Triboelectric mechanism
also has immense applications in the area of sensing. Triboelectric mechanism
has been reviewed for various type of self-powered sensors e.g. pressure

sensors, vibration sensors, motion tracking systems, chemical sensors etc.
2.1. Mechanical energy harvesting mechanisms

2.1.1. Piezoelectric energy harvesters
Piezoelectric mechanism is the most common and well researched
technique in the area of mechanical energy harvesters. These devices work on

the property of material known as piezoelectricity. It is the property of the
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materials to produce charge (or voltage) when stimulated by a mechanical
stress. Some of the popular materials which exhibit piezoelectricity are quartz,
lead zirconate titanate (PZT), aluminum nitride (AIN), zinc oxide (ZnO) and
polyvinylidene fluoride (PVDF). Piezoelectric effect can be explained using a
molecular model as shown in Figure 2.1. In Figure 2.1a, the molecule is in
undisturbed state, but as an external force F;, is applied, it causes unbalance of
charge leading to creation of a small dipole P, as shown in Figure 2.1b.
Collectively, all these small dipoles create a dipole P in the material. This

phenomenon in materials is known as piezoelectricity.
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Figure 2.1: Piezoelectricity explained using a molecular model. (a) A molecule
in an undisturbed state without any external force. (b) The molecule becomes
polarized due to an external force F;, applied. (¢c) Molecules in a piezoelectric
material collectively leading to generation of voltage due to polarization when
an external force is applied [3].

Researchers have utilized the piezoelectric effect to harvest mechanical
energy and convert it into electrical energy. The most common configuration
and design used for piezoelectric energy harvester (PEH) is using a cantilever
[12, 13]. A typical configuration of cantilever based PEH is shown in Figure
2.2. The piezoelectric cantilever undergoes cycle of compression and tension as

it is excited through external vibration or cyclic force. This cyclic force results

11
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into generation of cyclic voltage signal across the cantilever electrodes across
the piezoelectric layer. A proof mass (M) at the tip of the cantilever beam is
typically used to improve the stress levels in the piezoelectric layer. This results

in a higher magnitude of the voltage generated at the electrodes.

Figure 2.2: Schematic of a typical cantilever based PEH. S is the strain in the
piezoelectric layer shown with directional arrows, V is the generated voltage, M
is the proof mass and z is vertical displacement of the cantilever tip [12].

Renaud et al. [14] used a microelectromechanical system (MEMS) based
PZT cantilever design to harvest vibrational energy. The major limitation of
cantilever based PEH is the limited frequency range in which these devices can
operate due to resonant behavior. Liu et al. [15] used an array of PZT cantilevers
(Figure 2.3) with different mechanical dimensions and hence different resonant

frequencies to improve the operating bandwidth of the devices.

Figure 2.3: Array of cantilevers used to improve the operating bandwidth of the
vibrational PEH. [15]

12
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Apart from the cantilever based designs of PEH devices, researchers have
used piezoelectric materials for demonstrations in many practical applications.
Kymissis et al. [16] from MIT Media Laboratory first demonstrated shoe based
energy harvesting system in 1998 using PZT and PVDF for wearable
applications. The image of the prototype device is shown in Figure 2.4. The
prototype was demonstrated to generate enough power to for a radio-frequency
identification (RFID) tag. A windmill based piezoelectric energy harvesting was
developed by Priya [17] using 10 piezoelectric bimorphs which were actuated

using a windmill.

(a)
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Figure 2.4: (a) Schematic diagram of the shoe based energy harvesting device.
(b) Photograph of the fabricated prototype [16].

Figure 2.5: (a) ZnO nanowires actuated using Pt coated AFM tip [18]. (b) Pt
coated AFM tip replaced by a zigzag Pt electrode actuated using ultrasonic
waves [19].
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ZnO nanowire based energy harvester was first demonstrated by Wang et
al. [18] using array of aligned nanowires (Figure 2.5a). The nanowires were
deflected with a conductive atomic force microscope (AFM) tip in contact
mode. To improve the practical application of the concept, the Pt coated AFM
tips were replaced by microfabricated zigzag shaped Pt electrodes as shown in
Figure 2.5b [19]. Chung et al. [20] fabricated ZnO thin film on a polyethylene
terephthalate (PET) substrate using simple reactive zinc hydroxo-condensation
process (Figure 2.6a). This device was demonstrated to be suited for human
wearable energy harvesting devices. Lee et al. [21] fabricated a flexible and
conformable ZnO nanowire based piezoelectric nanogenerator in an aluminum
(Al) foil coated with Polymethyl methacrylate (PMMA) (Figure 2.6a). The
device could generate an output voltage and current of up to 50 mV and 200 nA
respectively, by utilizing fluttering motion generated through wind energy. Lin
et al. [22] demonstrated a transparent flexible nanogenerator by growing ZnO
nanowires on a PDMS substrate. The generated an output voltage and current
of 8 V and 0.5 pA, respectively, with a power output density of 5.3 mW/cm?,
The device was also demonstrated as a self-powered sensor to monitor vehicle

speed and detect vehicle weight.
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Figure 2.6: (a) Schematic diagram of the ZnO film based piezoelectric
nanogenerator on PET substrate [20]. (b) Photograph of the super flexible
piezoelectric nanogenerator [21].
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Research breakthroughs in the area of novel fabrication techniques for
piezoelectric materials have found applications in the area of wearable and
flexible energy harvesting devices. But limited choice of materials and complex
fabrication techniques still remain one of important challenges for piezoelectric
energy harvesting devices. These fabrication challenges have been a bottleneck
to find application implantable, biocompatible and wearable energy harvesters,

which can be commercialized.

2.1.2. Electromagnetic energy harvesters

Electromagnetic mechanical energy harvesters work on the principle of
Faraday’s law of induction. Majority of the electrical motors, transformers,
inductors and generators are based on this fundamental operating principle.
Faraday’s law states that the voltage or electromotive force (emf) generated in
a closed circuit directly proportional to the total flux through the closed loop
circuit. The equation for Faraday’s law is given by:

_do (2.1)
dt

where V' the voltage is induced across the two ends of closed circuit, ® is
total flux and t is time. If there are total N coils in the circuit, total flux @ is
given by:

N (2.2)

<I>=ZA[B.dA

t L
where B is the magnetic field and 4; is the area of the i®*coil. Faraday’s
law has been extensively used in large sized commercial generators to produce
power using fuel, hydropower and other traditional sources. Same principle can

be utilized to harvest mechanical energy at a much smaller scale. Williams et
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al. [23] demonstrated one of the first micro scale electromagnetic energy
harvester using a samarium-cobalt permanent magnet and planar gold (Au)
coils. Lee et al. [24] demonstrated a AA battery sized electromagnetic energy
harvester using laser micromachining as a fabrication technique (Figure 2.7a).
Same research group also demonstrated an electromagnetic energy harvester
capable of harvesting energy from different resonant modes as shown in Figure

2.7b.

Micro encrgy
(ransducer

Figure 2.7: (a) AA size micro energy harvester by Lee et al. [24]. (b) Multi-
modal energy harvester developed by Chin et al. [25].
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Figure 2.8: (a) A flat energy harvester using serpentine springs for in-plane
movement [26]. (b) A low cost electromagnetic energy harvester using coils
etched on a printed circuit board (PCB) [27].

Kulkarni et al. [28] developed a micro energy harvester by using
electrodeposited copper coils and NdFeB magnetics. The device had a small

volume of 0.1 cm® and could generated a power of 586 nW across a load
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resistance of 110 Q at an acceleration of 8.829 m/s?. Cepnik et al. [26] designed
a flat electromagnetic energy harvester which used micro fabricated serpentine
springs for in-plane movement. The device as shown in Figure 2.8a generated
an average power of 12 uW at an acceleration of 1 ms™2. Yang et al. [27] used
an acrylic fixed-fixed beam with three permanent magnets attached to it.
Correspondingly, three coils were fabricated on a printed a printed circuit board
(PCB) and placed beneath the permanent magnets as shown in Figure 2.8b. As
the beam was excited using vibrations, it generated power from different
vibration modes of the beam. The maximum power produced by device was

demonstrated to be 3.2 pW.
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Figure 2.9: Biomechanical energy harvester to harvest energy during human
walking for applications in prosthetic limbs [29].

Donelan et al. [29] demonstrated a complete working prototype of a
biomechanical energy harvester using electromagnetic energy harvesting
technique. The device was designed for applications for powered prosthetic

limbs and charging medical devices (Figure 2.9). The electromagnetic

17



Chapter-2

mechanism based energy harvesters have advantage of very low device
impedance as compared to piezoelectric, electrostatic and triboelectric energy
harvesting devices. These devices are suitable for large scale energy production
but as the size of the device decreases, the coil and magnet fabrication becomes

a huge challenge.

2.1.3. Electrostatic energy harvesters

Electrostatic energy harvesters work on the principle of variable parallel
plate capacitor. The mechanical energy available in the surroundings is used to
change the gap between two parallel plates, which together form the capacitor
system. This change in the gap or relative position of the two plates leads to
flow of charges in the external load connected across the two plates. The
physical mechanism of the electrostatic energy harvesters can be distinguished
based on the type of relative motion between the two plates as shown in Figure
2.10.

Electrostatic energy harvesters can be divided into categories: (i) using
external voltage supply for biasing (ii) using electrets. The first category of the
devices rely on an external bias to create a potential difference between the two
parallel plates. In the second type of device, electrets are used to create a
potential difference between the parallel plates. Electrets are essentially
dielectric materials with permanent electrical polarization analogous to

permanent magnet.
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Figure 2.10: (a-f) Various configurations used for electrostatic energy
harvesters. The arrows depict the direction of relative motion between the fixed
and moving part [30].

Meninger et al. [31] et al. proposed one of the first energy harvesters based
on the electrostatic mechanism. To improve the overall capacitance per unit
displacement of the moving part, Hoffmann et al. [32] used triangular electrode
design as shown in Figure 2.11a. Yang et al. [33] demonstrated a rotary comb
based energy harvester design for planar vibrations. The device produced a
maximum power of 2.5 UW at an acceleration of 2.5g. Nguyen et al. [34, 35]
proposed and demonstrated the concept of utilizing non-linear springs as shown
in Figure 2.12b to improve the operating frequency bandwidth of the device.
The non-linear springs were designed to exhibit softening in leading to
wideband characteristics and higher output power.

Boland et al. [36] proposed a micro fabricated Teflon electret based
energy harvester utilizing rotation mechanism. The rotational electrostatic
energy harvester generated a power of 25 pW. Tsutsumino et al. [37] used a
CYTOP based electret to harvest vibrational energy which could produce a
power of up to 38 uW (Figure 2.11c). They later improved the surface charge
density of the electrodes by the addition of amidosilyl end group [38]. The

improved device generated power output up to 0.7 mW.
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Figure 2.11:(a) Triangular electrodes used in the electrostatic energy harvesters
to increase the capacitance change per unit of displacement [32]. (b) Non-linear
springs to improve the operating bandwidth of vibration based electrostatic
energy harvesters [34]. (c) Vibrational energy harvester using CYTOP electret
[37].

The electrostatic energy harvesters are not the most popular solution for
mechanical energy harvesting because of their low power output as compared
to other mechanisms. Moreover, electret less electrostatic energy harvesters
need an external voltage supply which is not suitable for self-powered wireless
nodes. On the other hand, electret based electrostatic energy harvesters retain

the charges only for a limited period of time.

2.2. Triboelectric energy harvesting

Triboelectric energy harvesters utilize two principles working in
conjunction: triboelectric effect and electrostatic induction. Triboelectric effect
is a type of contact electrification which leads to charging of two surfaces when
there are put in contact with each other. Many theories have been proposed in
literature to explain the phenomenon of contact electrification [39]. One of the
well-established and accepted model to explain the concept of electron transfer

is based on difference in work functions of various materials [40]. As per this
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model, as two metals come in contact with each other, the electrons transfer by
tunneling in order to prevail the thermodynamic equilibrium. The potential
difference V; ,, generated between the two metals due to this charge transfer can

be given by the following equation:

($1 = ¢2) (2.3)

Vi, = —
1/2 o

where V; , is the contact potential difference of metal 1 against metal 2,

¢, is the work function of metal 1, ¢, is the work function of metal 2 and e is
the elementary charge. The same theoretical model can be used to explain and
understand the charge transfer in metal-insulator and insulator-insulator contact
by using the concept of effective work function for insulators [41, 42]. Figure

2.12 pictorially depicts this model given by Harper [40].
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Figure 2.12: Charge transfer due to the difference in work function between two
metal for metal-metal contact [39].

The charges generated during the contact electrification process are
generated on the surface of the both the materials or triboelectric layers. Based
on chemical structure and properties, various metals and dielectric materials
have different tendencies to donate and accept electrons. Different metals and
dielectric materials can be arranged in an order as per their tendency to donate

or accept electrons. This order is known as triboelectric series [43, 44] and is
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shown in Figure 2.13 for a limited number of materials. The materials on the
positive side of the series have a tendency to donate electrons relative to the
materials on negative side. This means that the materials on the positive side
have propensity to get positive charged and vice versa. Relative positions of
materials in triboelectric series can be used to predict and choose the polarity of
charges generated when two material are put in contact with each other. Also
farther the two triboelectric materials in series, higher is the surface charge
density produced during the contact electrification process. This rule is

important for selection of materials during the design of TENGs.
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Figure 2.13: Triboelectric series for various materials arranged in order of their
tendency to attract or donate electrons.

On the basis of mechanical operating principle, triboelectric mechanism
for energy harvesting can broadly be divided into two categories: (i) Out-of-
plane contact-separation mechanism (ii) in-plane sliding mechanism. The
theory and working principle for both the mechanisms are explained in

following sections.
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Figure 2.14: Schematic of an out-of-plane contact-separation based triboelectric
energy harvester [45].

2.2.1. Out-of-plane contact-separation mechanism

In out-of-plane mechanism the triboelectric layers undergo relative
motion in the direction normal to the plane of contact. This relative motion
results in contact and separation of the triboelectric layers. As the triboelectric
layers come into contact with each other, both layers get charged with equal and
opposite surface charge density o due to contact electrification. The surface
charges lead to induced charges on the metal electrodes in the energy harvesting
device as shown in Figure 2.14 [45]. As the two layers undergo relative motion
i.e. separating or approaching due to external mechanical pressure/force, the
relative potential between the two electrode changes. This change in relative
potential leads to a current in the external load connected between the two
electrodes. This system can be treated as a system of parallel plate capacitors
and can be used to develop a theoretical model. In this case, working principle
is essentially similar to the electrostatic energy harvester but the charges are
internally generated using contact electrification instead of an externally power

supply or using electrets. A general theoretical model for this mechanism was
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developed by Niu et al. [45]. As per the model, the open circuit voltage and

short circuit current can be given by Eq. (2.4) and (2.5), respectively.

_ox(t) (2.4)
oc — 80
Sadyv(t) (2.5)

s (do + x(t))2
where V. is the open circuit voltage, o is the surface charge density, x(t)
is the relative distance between two triboelectric layers, g, is the dielectric
constant of air, I is the short circuit current, S is the area of triboelectric layer,
v(t) is the relative velocity of triboelectric layers, d, is defined as the effective
d 4 42
€

thickness constant given by —+

1 Er2

. Here d; and d, are thickness of

triboelectric layers 1 and 2, ., and &,, are relative dielectric constants of
triboelectric layers 1 and 2.
2.2.2. In-plane sliding mechanism

As the name suggests, in-plane sliding mechanisms comprises of relative
sliding motion between triboelectric layers. A schematic for in-plane sliding
mechanism is shown in Figure 2.15. As the two triboelectric layers are in
contact there is an equal and opposite surface charge generated on surface of
both the layers. As triboelectric layer 1 moves out relative to triboelectric layer
2, there is a decrease in the contact area between two layers. This leads to
charges induced in electrodes corresponding to balance the surface charges on
both triboelectric layers. As both the electrodes are connected through a load
resistor, there is a flow of electrons from top electrode to bottom electrode to

balance the charges. This flow of electrons in the load resistor or current flow
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continues till the two triboelectric layers are completely separated as shown in

Figure 2.15c.
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Figure 2.15: Schematic for in-plane sliding mechanism based triboelectric
energy harvester.

As the energy generation cycle continues, triboelectric layer 1 moves in
relative to triboelectric layer 2 due to the external mechanical force. This leads
to a flow of current in the external circuit in the opposite direction of sliding out
process as shown in Figure 2.15d. A theoretical model was proposed by Niu et
al. [46] for the in-plane sliding mechanism based triboelectric energy harvester.
According to the model, the open circuit voltage and short circuit current can

be expressed by Eq. (2.6) and (2.7).

_ox  (dy  d (2.6)
Vo = So(l - X) <€r1 " Erz)
I;c = owv(t) (2.7)

where V. is the open circuit voltage, o is the surface charge density, x is

the relative separation distance between triboelectric layers in lateral direction,
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L is the length of triboelectric layers in the direction of motion, ¢, is the dielectric
constant of air, d, and d, are thickness of triboelectric layers 1 and 2, &,; and
&, are the relative dielectric constants of triboelectric layers 1 and 2, I, is the
short circuit current, v(t) is the relative velocity of triboelectric layers, w is the
width in the lateral direction perpendicular to motion direction of the

triboelectric layer.

2.3. Materials and fabrication of triboelectric nanogenerators

During the design of TENG devices, contact electrification process due to
triboelectric effect can be engineered to improve the power generation
performance. The performance of contact electrification majorly depends on
two factors: (a) choice of triboelectric materials and (b) surface topography of
the triboelectric layers. Choice of materials for triboelectric layers is important
as it fundamentally affects the amount of surface charge generated due to
triboelectric effect. The generated surface charge depends on the relative
tendency of two triboelectric materials. Other practical factors affecting the
choice of materials are cost, type of application, biocompatibility and
fabrication limitations. In addition, surface topography is another crucial factor
as it is predominantly responsible for defining effective contact area and charge
separation during contact electrification due to triboelectric effect.

Researchers have used various materials as triboelectric layers based on
the fabrication compatibility, cost and patternability. Another design step to
improve the performance of TENGs is to deploy different fabrication techniques
to achieve various type of micro/nano surface topographies to enhance the

surface charge density during contact electrification. A summary is presented in
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Table 2.1 about these materials and topographies used to improve the device

performance.

Table 2.1: Materials and surface topographies for triboelectric energy harvesters

Material Surface topography/processing Reference
TiO2 nanowires and nanosheet [47]
Al nanopores [48]
PTFE nanowires [48]
SiO2 nanoparticles [49]
PDMS pyramid shaped structures using molding  [50]
Al nanostructures of average size ~200nm [50]
PDMS nanowire [51]
Si pyramid shaped texture [51]
PTFE etched nanoparticle topography [52]
Ag nanowire/nanoparticle composite [53]
Flourinated dry etched nanowire structures [54]
ethylene-propylene

Kapton dispersed with PTFE nanoparticles [55]
PDMS micropillars [56]
Al nanopores [57]
Poly-vinylchloride  nanowires [58]
Cu micro roughness by coating Cu on etched [59]

Si structures

Kapton dry etched nanowires [60]
PDMS convex dome shaped structures [61]
Au nanoparticles [62]

2.4. Triboelectric energy harvesters and self-powered sensors

One of the early prototype of TENG was reported in 2012 by Fan et al.

[63] based on triboelectric mechanism as shown in Figure 2.16a. A transparent

and flexible energy harvester was demonstrated which used patterned PDMS

films as triboelectric layer. Three patterns including line, cube and pyramid

shaped structures were used to pattern PDMS films. It was demonstrated that

plain film, line, cube and pyramid patterns based device had performance in the

incresing order as depicted in Figure 2.16b. The device generated a maximum

output voltage and current of 18 V and 0.7 A, respectively. The device was

also demonstrated as a self-powered pressure sensor which means the sensors
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do not need any external power source in order to operate as is required in the
case of capacitive and piezoresistive sensors. In this section 2.4, TENG devices

have been reviewed based on different applications.
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Figure 2.16: (a) Schematic drawing of one of the early prototypes of
triboelectric mechanism based energy harvester. (b) voltage generated by the
energy harvester using different topographies for patterned PDMS films [63].

2.4.1. Biomechanical energy harvesters

Biomechanical energy is one of the most prevalent form of energy around
human beings which can be used to power portable electronic devices like
smartphones, watches and wearable sensors. Researchers have demonstrated
various concepts and prototype devices to harvest biomechanical energy. Yang
et al. [48] used an integrated rhombic gridded structure to harvest mechanical
energy from vibrations generated from human walking (Figure 2.17a).
Rhombus shaped stacked structure used the hybridization of both contact-
separation and sliding mode to enable contact electrification process. The
TENG device was assembled on a backpack to develop a mobile source power
for disaster relief workers, explorers in remote locations and field engineers. To
harvest the energy directly from human heel strike, a low cost triboelectric

energy harvester was developed by Bai et al. [57]. The device utilized
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multilayered zigzag structure in order to increase the effective contact area
without significantly affecting the overall form factor of device (Figure 2.17b).
The device was assembled at the bottom of a common shoe and generated
enough power to light up a few LEDs using the human walking motion. The

energy harvesting device generated a maximum open

(b)
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Figure 2.17: (a) Rhombus shaped stacked structure to harvest mechanical
energy from vibrations generated by human walking [48]. (b) Schematic
diagram of the zigzag shaped multilayered triboelectric energy harvester; SEM
micrograph of Al nanopores used one of the triboelectric layers; complete
fabricated prototype of integrated multilayered triboelectric energy harvester
[57].

circuit voltage of 215 V and a short circuit current of 0.66 mA. The maximum
power density was reported to be 9.76 mW/cm?.

Majority of the mechanical energy harvesting devices focus on harvesting
energy from the external body movements like walking, hand movement etc.
This energy can be used to power wearable sensors and small electronic devices.
But as the technology advances, there will be many implanted sensors and
devices being designed aimed at curing diseases, remote monitoring and aiding
organs in functioning. Zheng et al. [64] proposed a breathing driven TENG to
power in-vivo devices such as pacemaker as shown in Figure 2.18a. The device
utilized micro pyramid patterned PDMS and aluminum metal layer as two
triboelectric layers for energy generation. The device was also demonstrated for

in-vivo applications by implanting it on a living rat’s diaphragm as shown in
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Figure 2.18b. The implanted TENG generated a maximum power density of
8.44 mWm2, which was shown to drive a pacemaker device.
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Figure 2.18: Schematic diagram of the breathing driven TENG to power a
pacemaker device [64].

2.4.2. Wind based energy harvesters

Wind energy is a natural form of energy which has been used as a renewable
source of energy to generate energy at a large scale. Conventional wind energy
turbines used for large scale wind energy harvesting are bulky and require a
huge capital investment to set up. Triboelectric mechanism can be used to
generate electrical energy using wind energy at a smaller scale, which can be
used to power wireless sensor nodes and electrical appliances. Xie et al. [65]
demonstrated one of the first prototypes to harvest wind energy based on
triboelectric mechanism as shown in Figure 2.19a. The prototype device used
a wind cup structure, which converted the wind flow energy into rotational
kinetic energy. This rotational kinetic energy was then utilized to enable contact
electrification between polytetrafluoroethylene (PTFE) nanowire-like structure

and aluminum layer. The device generated a maximum power of 62.5 mW at a

30



Chapter-2

wind speed of 15 m/s. A rotary sliding mechanism based TENG was
demonstrated by Zhu et al. [66] with a high power output of 1.5 W. The device
comprised of a rotator and stator as shown in Figure 2.19b. The stator
constituted of a fluorinated ethylene propylene (FEP) layer with micro-
patterned complementary sectors as electrode. The rotor was fabricated using
copper which acted as a triboelectric layer in conjunction with FEP. TENG was
demonstrated to effectively harvest energy from air flow and water flow. Chen
et al. [67] also demonstrated a rotary sliding mechanism based TENG which
was shown to generate enough voltage for oxidation of sulphur dioixide, which

has applications in self-powered air cleaning systems.
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Figure 2.19: (a) Wind-cup structure based TENG [65]. (b) High output TENG
using micro-sector structures [66].
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Another type of wind based TENG devices use flutter motion to convert
wind energy into electrical energy. Bae et al. [68] proposed a TENG device
which enabled contact electrification using fluttering motion of a flexible
triboelectric layer. The flexible triboelectric layer was fabricated using a gold
coated woven fabric as shown in Figure 2.20a. The device demonstrated that
the fluttering flag motion can be utilized for small scale wind energy harvesting.
It generated a maximum voltage of 250 V and current of 70 pA at a flow

velocity of 22 ms™.

Figure 2.20: (a) Schematic of the fluttering motion based wind energy harvester.
(b) Fluttering motion of the flexible triboelectric layer captures using high speed
camera [68].

2.4.3. Water based energy harvesters

Majority of TENG devices use solid materials such as dielectric polymers
or metals as triboelectric layers to enable contact electrification phenomenon in
order generate surface charge. In 2013, Lin et al. [69] demonstrated contact
electrification between water and a PDMS layer. A device was fabricated in
order to harvest mechanical energy which used water as one of the triboelectric

layer. Patterned PDMS layer was chosen as another triboelectric layer due to its
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hydrophobic properties which aided in separation of water and PDMS during
the contact electrification process. The working mechanism of the water based
TENG is shown in Figure 2.21a. During the contact electrification process due
to contact separation motion between the two triboelectric layers enabled by
external mechanical setup, water was observed to get positively charged as it
donated electrons to PDMS layer. For the electrode corresponding to water as
triboelectric layer, PMMA substrate coated with Cu was placed at the bottom
of the experimental water tank. The experiments were conducted using
deionized water, tap water and 0.6 M sodium chloride (NaCl) solution. The
deionized water was shown to have a better performance as a triboelectric layer
compared to tap water and NaCl solution. The performance for tap water and
NaCl solution decreased due to the presence of electrolytes. As the water
droplets cannot be completely prevented to form a layer on PDMS film, more
positive charges including the dissolved ions in the water layer resulting into

screening of negative surface charge generated on the PDMS film. Deionized
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Figure 2.21: (a) Operating mechanism of triboelectric energy harvester using
water as triboelectric layer. (b) Current area density produced by different

liquids as a triboelectric layer [69].
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water as a triboelectric layer along with patterned PDMS generated a charge
density of 31.3 uQ m2 during the contact electrification process. Lin et al. [70]
fabricated a device to harvest energy using the charged water drops from rain
or pipes. The device used PTFE hierarchal micro/nanostructures for contact
electrification process with water drops. The device generated a peak voltage of
9.3 V and a peak current of 17 pA. Liang et al. [71] have demonstrated a
prototype of transparent water based TENG which could be assembled on the

windows in order to harvest energy from rainwater.

Figure 2.22: (a) Prototype of fully enclosed TENG to harvest energy from water
waves. (b) Voltage and current generated by the device when shaken by hand.
(c-f) Operating mechanism of the TENG [72].

Figure 2.23: (a) Single unit of water wave TENG. (b) A conceptual schematic
of network or farm of unit TENGs to generate energy at a large scale [73].
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Apart from using water as a triboelectric layer, another method to harvest
energy from water is utilizing the water’s mechanical energy to enable contact
electrification between two triboelectric layers. Yang et al. [72] demonstrated a
TENG device, which used PTFE and polyamide (PA) as triboelectric layers.
The device was fully enclosed in a spherical shell (Figure 2.22) and was shown
to harvest energy from water waves. Chen et al. [73] proposed the concept of
network of small water wave energy harvester unit (Figure 2.23a) to produce
electricity at a large scale from sea/ocean waves. As per calculations, it was

shown that power output of up to 1.15 MW can be generated from a water area

of 1 km2.
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Figure 2.24: (a) Fabric based TENG by weaving a fiber structured TENG [74].
(b) Fabric TENG by stacking of triboelectric layers [75].
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2.4.4. Wearable energy harvesters

Wearable energy harvesting devices which can harvest energy from
human activities, are a solution to potentially power the wearable devices. One
of the major direction of research in the area of wearable energy harvesters is
focused towards textile or fabric based nanogenerators. Fabric based
nanogenerators can camouflage with the clothes and also utilize large area of
clothes for high power output. Kim et al. [74], demonstrated a stretchable
weaved fabric for wearable energy harvesting applications. The fibers used to
weave the fabric utilized PDMS tubes with high aspect ratio nanostructured
surface on the inner side and ZnO nanowires coated with Au as two triboelectric
layers as shown in Figure 2.24a. The weaved fabric with multiple fibers in an
area of 14 cm x 14 cm generated a maximum voltage and current of 40 V and
210 pA, respectively. Seung et al. [75] demonstrated a fabric based TENG using
a stacked structure of triboelectric layers as shown in Figure 2.24b. A four layer
stacked structure was shown to produce a peak voltage and current of 170 V
and 120 pA, respectively.

Yang et al. [76] demonstrated a flexible TENG which utilized a wavy
Kapton structure to enable contact electrification between a copper film and
Kapton, as shown in Figure 2.25. Due to the unique structure, the device could
operate in both compressive and stretching mode. The device could generate a

maximum voltage of up to 30 V from knee bending and straightening.

36



Chapter-2

(r)

Y)Y

()
[ITXTY]

C T aYa

(LXK
Fully contact TG' Releasing
Initial condition

(V)

| [T o[V

] force! lE‘ Pressing Fully released
I ]
I ]
1 ]
1 i
I ]
i ]
I J—

Figure 2.25: Operating mechanism of the wavy structure based flexible TENG
for wearable applications [76].

2.4.5. Self-powered sensors

Sensors are an integral part of consumer and industrial electronic devices.
Majority of these sensors work on the principle of measuring the change in
properties such as capacitance and resistance. These sensors require external
power supply in order to function. On the other hand, mechanical sensors to
sense force, pressure or vibrations based on piezoelectric mechanisms do not
require any external power for sensing as they have an ability to generate an
electrical signal in response to a mechanical stimulation. Similarly, triboelectric
mechanism can also generate an electrical signal when stimulated with an
external mechanical force. These sensors can be categorized as self-powered
active sensors as they do not require an external power supply for sensing.
Various kind of sensors have been realized by researchers using triboelectric

mechanism and are reviewed in the following sections.
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Figure 2.26: (a) A photograph of the tactile sensor array. (b) Plot of the output
voltage versus pressure [77].

2.45.1. Tactile and pressure sensors

Yang et al. [77] demonstrated a self-powered tactile sensor array as shown
in Figure 2.26a. The device was designed for touch pad applications. It utilized
micro-patterned PDMS as one of the triboelectric layers. As bare human finger
touched the PDMS pixels, the electrons were injected from skin to PDMS due
to contact electrification. Indium Tin Oxide (ITO) was used as an electrode
beneath PDMS film to collect charged using triboelectric mechanism. The
detection sensitivity of the pressure for every pixel was shown to be 0.29+0.02
V kPal. A similar device was also demonstrated by Meng et al. [78], which was
shown to powered a liquid crystal display (LCD) screen.

Zhu et al. [79] fabricated a self-powered pressure sensor with a sensitivity
of 44 V kPa! (Figure 2.27a). The device was tested for durability and showed

stable output for 10° cycles.
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Figure 2.27: (a) Schematic of the self-powered pressure sensor, SEM image of
the polymer nanowires and a photograph of the fabricated sensor. (b) Output
voltage produced by the sensor due to finger tapping [79].

2.45.2. Motion tracking sensors

Sensors based on triboelectric mechanism can also be utilized to sense
motion parameters such as displacement, velocity and acceleration. Zhou et al.
[80] proposed a grating based structure for motion sensing as shown in Figure
2.28a. The structure comprised of parylene and silicon dioxide (SiO2) gratings
which underwent sliding motion relative to each other. Due to relative sliding
motion of the two triboelectric layers, the two gratings experienced full overlap,
partial separation and full separation. As the relative position of the two gratings
changes, the open circuit potential between the ITO and Al electrode changes
periodically. The data collected from the relative potential difference between
electrodes and gap between the consecutive gratings was used to calculate the
displacement with a resolution of 173 nm. Using the contact electrification
effect and electrostatic induction between patterned electrodes, Wu et al. [81]

designed a self-powered sensor for angular motion measurement (Figure 2.28b).
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Figure 2.28: (a) Triboelectric motion sensor using dual grating design [80]. (b)
Schematic and photograph of the self-powered angular motion sensor [81].

Various other self-powered mechanical sensors have been designed
utilizing the triboelectric effect. Yang et al. [82] fabricated a self-powered voice
recognition sensor using an eardrum inspired diaphragm design as shown in
Figure 2.29a. The sensor was also demonstrated for sensing arterial pulse wave
for biometric recognition. Chen et al. [83] demonstrated a vibration sensor to

sense vibration in the range of 0-200 Hz.

(@)
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Figure 2.29: (a) Eardrum inspired design of the voice recognition sensor. (b)
Membrane vibrations simulated for different applied vibrations [82].

2.4.5.3. Chemical sensors
Apart from mechanical sensing, triboelectric mechanism can also be used
to detect chemical changes as the contact electrification phenomenon is affected

by the chemical composition of the triboelectric layers. Several sensors have
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Figure 2.30: (a) Sensitivity of the self-powered Hg?* ion sensor. (b) Plot
depicting the selectivity of the device for Hg?*. The concentration of all metal
ions tested was 5 UM [84]. (c) Current and (d) voltage signals from the sensor
for various phenol concentrations [85].

been demonstrated by the researchers using this principle. Lin et al. [84]
detected the concentration of mercury ions (Hg?*) with Tris-borate used as a
buffer solution. The triboelectric layers comprised of a PDMS film and Au
nanoparticles deposited onto an Au film. To enable the selective detection of
Hg?*, 3-mercaptopropionic acid (3-MPA) was self-assembled onto the surface
of Au nanoparticles using strong Au-S interaction. The change in the
performance of TENG resulted due to difference in triboelectric polarities of Au
nanoparticles and Hg?* ions. The device had a detection limit of 30 nM and
linear range between 100 nM and 5 uM (Figure 2.30a). The device was also
shown to have high selectivity for Hg?* ions. Li et al. [85] demonstrated a self-

powered phenol detection sensor using titanium dioxide (TiO2) nanowires and
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PTFE as triboelectric layers. B-cyclodextrin molecules were assembled onto
TiO2 nanowire layer, which acted as the phenol recognition element and also
improved the performance of the contact electrification. The device achieved a
detection sensitivity of 0.01 uM by calibrating the current and voltage signals

in the range of 10-100 uM.
2.5. Summary

In this chapter, various mechanical energy harvesting technologies have
been reviewed. The applications of triboelectric devices in harvesting
mechanical energy available in different forms has been reviewed. Thereafter,
various self-powered devices based on triboelectric effect have been discussed

including tactile sensing, motion sensing and chemical sensing.
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3. Study of effect of topography on
triboelectric nanogenerator

performance using patterned arrays

3.1. Motivation

Triboelectric effect has been recently demonstrated as a potential method
to harvest mechanical energy from various sources in the surroundings which
will otherwise be go wasted. Triboelectric effect is a type of contact
electrification that results in the generation of surface charge as two different
materials are put in contact with each other. The charging of surfaces occurs
due to difference in tendencies of the materials to attract and donate electrons.
Different tendencies of materials to attract or donate electrons arises due to
chemical property of material known as electronegativity. The polarity of
charge generated on the surface are decided by the material’s position in
triboelectric series [86]. During the device design stage, the materials for
triboelectric layers should be chosen to have large difference in tendency to
attract and donate electrons. The higher the difference in the tendency of the
triboelectric layers, the higher is the surface charge generated during contact
electrification.

Another important factor in determining the performance of triboelectric
mechanism is the surface topography of triboelectric layers. Surface topography
plays an important role as it decides the effective contact area between the

triboelectric layers. Fan et al. [63] demonstrated that patterned films have a
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significantly higher performance than unpatterned films. Although patterning
of triboelectric layers is known to improve the performance of triboelectric
nanogenerators (TENG), it is still unclear which type of array pattern
arrangement results in better device performance. In this chapter, we have used
different array configurations fabricated using lithography and molding process

to study the effect of surface topography on TENG performance.
3.2. Cantilever based TENG - I

3.2.1. Device design

To understand the effect of topography on the performance of TENG, a
cantilever based TENG was designed as shown in Figure 3.1. The cantilever
based design was used to study the effect of surface topographies on TENG
performance. Cantilever based design was chosen for the study, as motion and
impact of triboelectric layers could be accurately modeled using established

theories. We designed two cantilever based devices for the purpose of our study.

Aluminum
cantilever

Clamping
assembly Bottom
part

Figure 3.1: Schematic of the cantilever based TENG - I.

The cantilever based device comprised of two parts: i) top part and ii)
bottom part. The device is based on periodic contact and separation motion

between top and bottom parts. For the cantilever based TENG-I, the top part
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comprised of a gold thin film coated on a glass substrate with
polydimethylsiloxane (PDMS) layer on top of it. The bottom part constituted of
an array of SU-8 micropillars on silicon substrate with gold thin film coated on
top of it. The top part was attached to an aluminum cantilever which was fixed
using a clamping assembly at one end as shown in Figure 3.1. The bottom part
was kept fixed when the device is in operation. The periodic contact and
separation motion between top and bottom parts was realized using the vibrating
motion of cantilever when excited by vibrations provided by a mechanical
shaker. In practical applications, these vibrations can be obtained from human
motion [87], household equipment [88], machine vibrations etc. During the
contact-separation motion, the bottom part also acted as an amplitude limiter for
cantilever motion which induces non-linearity resulting in broadband behavior

of the cantilever based resonant TENG-1 [89-93].

3.2.2. Working mechanism

The working mechanism for energy harvesting cycle is described in Figure
3.2. Initially, before providing the mechanical excitation, the top and bottom
triboelectric layers are in separated position without any prior charges. As the
device is mechanically excited with vibrational frequency in operating range,
the cantilever starts to vibrate. Thereafter, the distance y as shown in Figure 3.2
decreases, and top (PDMS) and bottom (gold) triboelectric layers come in
contact with each other. As per triboelectric series, gold has a higher tendency
to donate electrons as compared to PDMS. Therefore in state 1, when the gold
coated on the SU-8 micropillars and PDMS layer are in contact, gold layer gets

positively charged whereas the PDMS layer gets negatively charged. Now as
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the two parts start separating from each other, bottom gold electrode is at higher
electric potential relative to the top gold electrode. Therefore, electrons start
flowing from top gold electrode to bottom gold electrode resulting in current i
as shown in state 2. The current keeps flowing till the cantilever reaches the
highest displacement on the opposite side, where the separation between top and
bottom triboelectric layers is maximum (state 3). At this point, an electrostatic
equilibrium is reached. As the cantilever is vibrating under mechanical
excitation, the top triboelectric layer starts approaching (state 4) the bottom
layer and electrostatic equilibrium between the different layers is disturbed.
Now, the current starts flowing from top electrode to bottom electrode, as
opposed to the current direction during separation motion of two parts.
Thereafter, electrostatic equilibrium is reached, when the gold layer and PDMS
layer are again in contact with each other (state 1). The charges flowing in the
external circuit connected to the TENG can be harvested to power wireless
sensor nodes or low power electronic devices.

1. Top part touches bottom part

3. Peak separation between top
and bottom part

Glass Gold PDMS Silicon

Figure 3.2: Working mechanism of TENG at different stages of cantilever
vibration.
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3.2.3. Theory

The cantilever is used for contact-separation motion to generate surface
charges using contact electrification through triboelectric effect. This section
discusses the mechanics of top part attached to the vibrating cantilever and its
impact with the bottom part. The cantilever is excited with a sinusoidal
mechanical vibration using an electromagnetic shaker. Cantilever vibrating
motion can be modeled using a forced, damped spring mass system. The
equation for forced vibrations of damped spring mass system can be written as:

my + cy + ky = Fysin(wt) (3.2)

The steady state solution for the system defined by Equation (3.1) can be

given by:

F, .
= \/(k = mwzo)z oo sin(wt — ¢) (3.2)

y

where ¢ = tan™!(——

k_cmwz), m is mass, ¢ is damping coefficient, k is the

spring constant, F, is the amplitude of the sinusoidal excitation force, w is the
excitation frequency. Differentiating Equation (3.2) with respect to time, the
velocity function of the mass can be obtained as:

F,
) N ma)(;(;)2 + (cw)? cos(wr=¢) )

y

When the excitation frequency of the shaker matches the resonant
frequency (w,-) of the shaker, from Equation (3.3) the equation of motion can
be written as:

y = cos(art — 9) 34
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Figure 3.3 shows the vibrating cantilever beam impacting the bottom
part. The average impact force (F) is generated due to the change in momentum

of the cantilever which can be expressed as:

_ change inmomentum _ (m.v, —0) my (3.5
B AT AT AT
X

I

20

ity

V=Y/gl v,=vcosd= Y (as 0 is small)

Figure 3.3: Calculation of impact force between the top and bottom part.

where, v, is the normal component of velocity for the top part and AT is
the duration of impact. In Equation (3.5), for the force calculation it is assumed
that the top part comes to rest after impacting the bottom part. The cantilever
can be modeled as a spring with an attached proof mass. The spring-mass
system undergoes forced oscillation due to the mechanical excitation provided
by the shaker. As shown in the Figure 4, the potential energy of the system is
maximum at the two extreme positions of the oscillation. The kinetic energy is
maximum at the mean position when the spring does not have any potential
energy stored in it. For the motion of the system, where the motion of proof
mass is limited by a mechanical stopper, the potential energy of the system does
not change as it is stored in form of stress energy in the cantilever. It is assumed
that all the kinetic energy of the proof mass is converted to surface charges

generated due to contact electrification, sound energy and heat energy.
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PE. =max, KE. =0

PE. = 0; KEE. = max

PE #0;KE =0asthe
---------- stopper limits the motion

----------------------------- PE. = 0; KEE. = max

Figure 3.4: Potential energy (P.E.) and kinetic energy (K.E.) of the oscillating
system at different positions.

After plugging the value of y, Equation (3.5), can be written as:

 mF, (3.6)
F = AT cos(w,t — ¢)

This model predicts the impact force between top and bottom parts. It
models the vibrating cantilever as a damped spring mass system and assumes
that the top part comes to rest after impacting the bottom part. The local
deformation for PDMS layer and individual SU-8 micropillar can be modeled
using the Hertz Theory [94]. Keeping all the geometrical parameters and
material properties same, the relation between duration of contact and impact
velocity is given by [94, 95]:

AT « (p)~1/3 (3.7)

where, y is the impact velocity. From Equations (3.6) and (3.7),
following relation can be observed:
F < F/® (3.8)
It is clear from Equation (3.8), that as the magnitude of the excitation

force or input acceleration is increased, the impact force between top and bottom

parts increases. This simplified model of impact motion serves the purpose of
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understanding the qualitative relation between the magnitude of excitation force
and impact force between top and bottom parts.

The micropillar array can be assumed to be an array of springs fixed at
one end and free at the other end (Figure 3.5a). As Euler theory cannot be
applied because the slender shape assumption is not valid for the pillar shape
[96], Hooke’s law is used to calculate the spring constant of the SU-8
micropillars. Therefore, the spring constant using Hooke’s law is given by

following equations:

o =Ee (3.9)
F_ Al (3.10)
<=

Lo _EA (3.11)
Al

where o is stress, E is Young’s modulus, F is the force applied in normal
direction, A is the cross section area, | is the height of micropillar, 4/ is the

change in height and k is the spring constant.

(a)

SU-8 micropillar modeled with
spring constant Ks_gpijar

k
Ksu.s PDMS
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Figure 3.5: (a) SU-8 micropillars modeled as linear springs. (b) In contact state,
deformation PDMS layer and SU-8 micropillars is calculated by spring in series
model.

The spring constant for the individual micropillar can be calculated using
Equation (3.11). For sample calculation, a micropillar dimension of 50 pm x
50 um x 50 um is used as summarized in Table 3.1. The spring constant for
individual micropillar is calculated to be 200000 N/m. All the SU-8 micropillars
are connected in parallel during deformation in contact mode. Therefore the
effective spring constant for SU-8 can be written as:

ksy-g =N X ksy_g pitiar (3.12)
where n is the total number of pillars in the array.

Table 3.1: Parameters for spring constant calculation

Structure Young’s Dimension

modulus
SU-8 ~2GPa 50 pym x 50 um
pillar x 50 um
PDMS ~500 2cm X 2cm X
layer kPa 500 um

Using Equation (3.12) the value of kg, _g is calculated to be 4 x 10° N/m
as n = 40000 for the micropillar array of 50 um x 50 pm pillars. The spring
constant for the PDMS layer can also be obtained using Equation (3.11) and
was calculated to be 4 x 10° N/m.

When SU-8 micropillar array and the PDMS layer are in contact, the
deformation in both PDMS and SU-8 can be calculated using simple spring in
series model as shown in Figure 3.3b. For two springs in series as shown in

Figure 3.5b, the ratio of deformation in two springs can be calculated as:
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XppMsS _ ksu_g _ 4 X 109 — 10000 (313)
Xsy—g Kppms 4% 105

As can be seen from Equation (3.13), during the contact state, most of
the deformation occurs in PDMS layer. This is due to high stiffness of SU-8
pillars as compared to the PDMS layer. This indicates that the contact area
between SU-8 micropillars and PDMS layers is due to two factors: (i) primary
contact area because of micropillar cross section and (ii) contact area resulting
due to local elastic deformation of PDMS layer. Deformation of SU-8
micropillars can be neglected and does not contribute significantly to the contact
area between two materials. Figure 3.6 shows the results using finite element
method which was performed using COMSOL. The figure depicts the
deformation in the PDMS layer. It can be observed that apart from top contact
area between PDMS and micropillar, the contact area also increases at the
micropillar edges due to local deformation.

4 210° pm

||-30

I .a0

! Lt B

=70

-80

V¥ -8.5293x10™"
Displacement in
y-direction

Figure 3.6: Deformation observed in the PDMS layer using finite element
method simulation.
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3.2.4. Fabrication process

The steps involved in the fabrication of top and bottom parts are shown
in Figure 3.7. For the fabrication of top part, glass slide was cleaned in
ultrasonic bath using acetone and isopropyl alcohol (IPA). A 100 nm thick film
of gold is then coated on the glass sample using thermal evaporation. This gold
layer serves as the top electrode for TENG. On top of gold film, a 500 um thick
layer of 10:1 PDMS mixture was spin coated using SYLGARD® 184 silicone
elastomer kit. The spin coated PDMS layer was then kept in oven at 80°C for 2
hours for curing. The PDMS layer acts as a dielectric layer through which the
gold electrode gets charged by electrostatic induction mechanism. The top part
was then attached to an aluminum cantilever as shown in Figure 3.1 using epoxy
adhesive.

The bottom part fabrication started with cleaning of silicon substrate.
After cleaning, a 50 um thick layer of negative photoresist SU-8 2025 from
MicroChem was spin coated on the silicon substrate followed by soft bake in
steps at 65°C and 95°C for 3 minutes and 7 minutes, respectively. SU-8 was
then exposed for patterning using photolithography followed by post exposure
bake. The samples were then developed using MicroChem’s SU-8 developer.
The images of fabricated SU-8 micropillar arrays are shown in Figure 3.8a, b.
Thereafter, the micropillar arrays were hard baked. The SU-8 micropillars were
then coated with a 100 nm gold film which served as the bottom electrode for

cantilever TENG-I.
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(a) Top part
1. Glass substrate 2. Au coating 3. PDMS preparation

(b) Bottom part
1. Silicon substrate 2. SU-8 pillars 3. Au coating

S N N

Glass Gold PDMS Silicon SuU-8

Figure 3.7: Fabrication of the top and bottom part.

Figure 3.8: (a) Optical and (b) SEM images of array of SU-8 micropillar array
of dimension of 50 um x 50 pm x 50 pm.

3.2.5. Broadening of operating bandwidth using mechanical stopper

As the bottom part of cantilever TENG-I device acted as a mechanical
stopper, the device demonstrated broadband characteristics due to spring
stiffening, which is discussed in this section in detail. The spring constant
variation of the composite cantilever due to stopper is shown in Figure 3.9a. As
the amplitude of the proof mass increases more than d, the bottom part obstructs
its motion. Here d is the initial gap between the top and bottom triboelectric
layer. Due to stopper, spring stiffening occurs and the effective spring constant
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increases from k. sf to k;ff. In this case, the vibrating cantilever system can be
considered as a piecewise linear oscillator, the equation of motion with
dimensionless parameters is given by [97]:
it + 2ot + u = r?sin(r7) + fi(u, 1) (3.14)

where wy = 21fy; w1 = 21f;; T= wot; 7 = W/wg; 11 = W1/Wo; U =
z/Y; 8, =dJY; f, and f; are the frequency characteristics of cantilever TENG
without and with stopper (bottom part) respectively; z is the displacement at the
free end of the cantilever beam; Y is the amplitude of the mechanical excitation
provided in the form of y = Y sin wt; {, is the damping ratio for cantilever
TENG. The expression for f; (u, vt) is given by the following equation:

—2nQu—rfu+1ris;, u=d (3.15)
0, u<d '

filww) = |
where ¢; is the damping ratio of stopper; and d is the distance of the top
part from bottom part. The amplitude A of proof mass can be expressed as a
function of dimensionless excitation frequency parameter r as:
mlrt =272 + 7?2 (3.16)
Z, and Z, are given by the following equations:
Zy = =20 Arm — r{Ar(m — 2¢p1 — sin 2¢,) (3.17)
Z, =mA(1 —1%) — {0572 A2, — sin2¢; — ) + 2r28,cosp,}  (3.18)
The frequency response given by Equation (3.14)-(3.17) is simulated
using MATLAB for d =5 mm at an acceleration of 1g. In the simulation, the
value for ¢y, {3, f, and f;are assumed to be 0.02, 0.12, 28 Hz and 150 Hz,
respectively. The simulation result is shown in Figure 3.6b. The top part initially

moves freely and follows the frequency response of a linear oscillator without

stopper from point p to g. Once the top part moves more than d, it engages with
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the stopper (bottom part) and effective stiffness and damping coefficient
increases. As the frequency of mechanical excitation force increases, motion of
free end follows the piecewise linear model from point g to r. After reaching
point r the amplitude abruptly decreases as the vibration amplitude drops to
match with the response of linear system. The amplitude returns back to point s
and follows the frequency response of that without any stopper from point s to
point t. During the frequency down-sweep, the amplitude increases from point
t to u, at which the cantilever starts engaging with the stopper. A sudden change
in the amplitude occurs at point u and thereafter the response is identical to the
response during up-sweep till the frequency reaches point g. From point g
onwards, the cantilever disengages from the stopper and follows the frequency

response same as the linear system.
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Figure 3.9: (a) Variation of effective spring constant with respect to the
displacement of proof mass as per piecewise linear model. (b) Simulated result
for the amplitude of vibrating cantilever with an amplitude limiter.
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3.2.6. Output voltage and power

A better understanding of the working mechanism of the device can be
gained using simulation of potential distribution across the electrodes. The
simulations were carried out using COMSOL®. In the simulations conducted,
a charge density of -10 nC/m? was assumed on the PDMS surface. The results
are shown in Figure 3.10 for different values of y which is the distance between
the top and bottom part. The bottom electrode is taken as reference in the
simulation and was grounded for the purpose. As can be seen from the
simulation results, the potential difference between the top and bottom

electrodes keeps increasing as the two electrodes are separated further away

A0 A0 A0

y =3 mm y=5mm
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Figure 3.10: Potential distribution at different distance between top and bottom
parts along the normal direction. ‘y’ is the gap between top and bottom
triboelectric layers.

from each other. The potential difference for a distance of 1 mm is 0.8 V while
it increases to more than 5.8 V as the distance is increased to 10 mm. So as the
top and bottom parts are further separated, mechanical work is done against the
electric field due to which the potential difference is increased between the top

and bottom electrodes. This results in the flow of electrons from the top
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electrode to the bottom electrode as the top and bottom triboelectric layers are

separated.

3.2.7. Design of experiment

To study the effect of micropillar array configuration, six sample
variations for the SU-8 micropillar array were prepared. The overall sample size
for all six micropillar arrays was 2 cm x 2 cm. The micropillar array
configuration is shown in Figure 3.11a. In the micropillar arrays, the gap
between the micropillars is denoted as g. The cross section of an individual
micropillar is characterized by the length [ and width w. The height of the
micropillars h and the gap g between individual SU-8 micropillars is kept
constant for all the six micropillar arrays fabricated. Different micropillar sizes
fabricated for the micropillar arrays are shown in Figure 3.11b. An important
parameter to characterize the micropillar arrays is fill factor, which is defined
here as:

Fill factor =1/g (3.19)

The fill factor defined above characterizes the ratio of length of
micropillar and gap between the micropillars along the same direction keeping
other parameters intact. The fill factor calculated for the six pillar arrays are
summarized in Table 3.2.

Table 3.2: Fill factors for micropillar arrays

Sample number Pillar size Fill factor
S1 50 pm x 50 pm 1
S2 75 pm x 50 pm 15
S3 100 pm x 50 pm 2
S4 150 pm x 50 pm 3
S5 200 pm x 50 pm 4
S6 250 pm x 50 pm 5
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Figure 3.11: (a) Micropillar array dimensional parameters (b) Different pillar
dimensions used for preparing SU-8 micropillar arrays.

3.2.8. Experimental setup

To study the cantilever TENG devices, an electromagnetic shaker was
used to provide mechanical excitation. The setup for testing the devices is
shown in Figure 3.12. A software was used to generate sinusoidal signal which
was then sent to an amplifier to amplify the signal. The amplified signal was
then sent to the electromagnetic shaker to provide vibrations. To measure the
acceleration provided by the electromagnetic shaker, an accelerometer was
assembled on shaker along with the device. The accelerometer signal was then
again sent to the software resulting in a closed loop. This feedback loop was

used to maintain the acceleration level provided by the shaker.
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Figure 3.12: Experimental for testing cantilever based TENG.

3.2.9. Results and discussion

3.2.9.1. Effect of increasing acceleration

The effect of excitation acceleration was studied on the output open
circuit voltage generated by cantilever TENG-I by varying the acceleration
provided by shaker from 0.4 g to 1.8 g in steps of 0.2 g. As the amplitude of
excitation acceleration or force increases, the impact force also keeps increasing
as discussed in earlier section and explained by Equation (3.8). Higher impact
force results in increased elastic deformation in the PDMS layer which leads to
increased contact area between the two triboelectric layers. The increased
contact area results in increased triboelectric generation and performance of the
device. Figure 3.13 shows the time domain signal for the output voltage at
different accelerations. The peak output voltage increases from 450 mV to 1900

mV as the acceleration is increased from 0.4 gto 1.8 g.
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Figure 3.13: Output voltage of cantilever TENG-I at different acceleration
levels from shaker.
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3.2.9.2. Calculation of charge density

During the contact electrification process, triboelectric charges are
generated due to which surfaces gets charged. These surface charges result in
electrostatically induced charges on electrodes. The charge densities on
electrodes can be calculated using the calculation of charge by obtaining the

area under the curve for current versus time graph as given by:

q= ft i(t) dt (3.20)

a

Figure 3.14a shows the current for cantilever TENG-I in operation. For
the calculation of charge flowing through the external circuit, a peak was
selected as highlighted in Figure 3.14a. The magnified graph for the peak is
shown in Figure 3.14b. For calculating the charge flown through the external
circuit as given by Equation (3.20), current is integrated between time ta and to.
Area under the curve for current versus time graph between time ta and ty is
calculated to obtain the charge flown. The charge flown through the external

circuit between time t, and tp, was calculated to be 1.48 x 101°C. The charge
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density on the electrodes can be calculated to be 37 pC/cm? using the following

equation:
q
o= (3.21)
Total electrode area
20+
2.0 (b) Area under curve = 1.48 x 107°C
from t= 0.01313sto tb:0_013295
ﬁ1_5,
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Figure 3.14: (a) Current for TENG with a load resistance of 500 kQ (b) Enlarged
view of current signal peak from for charge calculation.

3.2.9.3. Voltage and power characteristics

To calculate the power generated by cantilever TENG-I, a load resistor
was connected between the top and bottom electrode. The voltage was then
measured across the load resistor to obtain the power generated. As the load
resistance increases, the power output increases and peaks at a point and starts
dropping thereafter. VVoltage output and power characteristics for sample S6 are
shown in Figure 3.15. The maximum peak power generated for sample S6 at
an acceleration of 1g was measured to be 0.91 uW and vibration excitation
frequency of 24.5 Hz. The maximum power density for cantilever TENG-I was

calculated to be 0.23 uW/cm?.
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Figure 3.15: Peak voltage and peak power characteristics generated using

sample S6 at various load resistances at an acceleration of 1g and frequency
24.5 Hz.

3.2.94. Broadband characteristics of cantilever TENG - |

The impact between the top and bottom part introduces non-linearity in
the cantilever beam spring constant. This non-linearity in the cantilever is
expected to increase the operating bandwidth of resonant TENG-I device as
discussed in section 3.2.4. To study the broadband behavior of cantilever based
TENG-I, micropillar arrays S1 to S6 were tested for frequency range 10 Hz to
60 Hz for acceleration levels 0.4 g to 1.6 g as shown in Figure 3.16. As the
acceleration level was increased, the operating bandwidth also increased
continuously. This behavior was consistently observed across all the micropillar
array samples for cantilever TENG-I. The percentage changes in operating
bandwidth as the excitation acceleration increased from 0.4 g to 1.6 g are
summarized in Table 3.3.

Table 3.3: Operating bandwidth

Type RMS voltage level  Bandwidth Bandwidth at Change in
for bandwidth at 0.4g 1.69 bandwidth
S1 30 mV 5.36 20.5 282%
S2 35 mV 7.64 215 181%
S3 40 mV 9.43 22.05 134%
S4 45 mV 6.9 17.09 148%
S5 50 mV 7.05 21.3 202%
S6 55 mV 4.79 18.4 284%
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Figure 3.16: Wideband characteristics of the voltage signal generated by
samples S1 to S6.

3.2.9.5. Effect of fill factor on power generation

In this work, we used rectangular micropillar shaped structures to enhance
the triboelectric charging and studied the effect of different micropillar
dimensions on the power generated. Experiments were conducted on
micropillar arrays S1 to S6. Peak power generated for different arrays is
summarized in Figure 3.17. The peak power observed can be correlated with

the fill factor as defined by Equation (3.19). As the fill factor is increased for
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the micropillar array, the peak power was observed to be increasing but has a
diminishing effect as shown in Figure 3.17. The increase in power generated is
attributed to the increase in contact surface area between the PDMS layer and
gold coated SU-8 micropillars. As the contact surface area increases, the contact
electrification process is enhanced resulting in higher amount of triboelectric
charges. But at the same time, the air voids between the micropillars also play
an important role in generation of triboelectric charges. The introduction of air
voids in the micropillar array results in easier separation of charges between the
two triboelectric layers [63] as the two layers separate from each other. This is
possibly due to two reasons. Firstly, the triboelectric effect is is significantly
improved due to presence of air voids leading to higher contact area between
the triboelectric layers. Secondly, in the patterned films, the triboelectric layers
are easily separated leading to larger dipole moment between the electrodes
[63]. Therefore the size of air voids between the micropillars affects the
performance of TENG. This is also the reason that effect of increasing the
micropillar dimension decreases at higher fill factors due to decreasing air void
size compared to micropillar size. It can be concluded from the experimental
results that increasing the micropillar dimension results in increased contact
area which results in increased power output but this effect starts diminishing at
higher micropillar dimensions as the air voids becomes smaller leading to lesser
contact area due to local deformation of PDMS layer around SU-8 micropillars

at higher value of fill factors.
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Figure 3.17: Peak power generated for different micropillar arrays

3.3. Cantilever based TENG - 11

3.3.1. Device design and fabrication

Cantilever

triboelectric layer

Figure 3.18: Schematic of cantilever TENG-II.

Cantilever based TENG-II (Figure 3.18) has a structurally similar
configuration to cantilever TENG-I but the materials and microarray patterns
are changed. The first triboelectric layer was made of PDMS micropad
structures. The PDMS micropad array structures are highly elastic as compared
to the SU-8 micropads in the cantilever TENG-I. The process flow for

fabrication of PDMS micropad structures is shown in detail in Figure 3.19a. To
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prepare the first triboelectric layer, silicon wafer with oxide layer was cleaned
using acetone and IPA followed by oxygen plasma. After cleaning, the samples
were spin coated with hexamethyldisilazane (HMDS) followed by spin coating
of AZ9260. Then the sample was baked at a temperature of 110°C for 30
minutes. Thereafter, the photoresist was exposed using mask to perform the
photolithography. The samples were then again baked at a temperature of 120°C
for 30 minutes. The samples were then developed in AZ developer for 12
minutes. After patterning the AZ9260 photoresist, the photoresist patterns were
used as mold to fabricate PDMS micropad structures. To transfer the micropad
patterns on the PDMS, SYLGARD® 184 silicone elastomer kit was used. The
base and the curing agent were mixed in a 10:1 ratio and the mixture was
degassed in a vacuum chamber for 2 hours to remove the air bubbles introduced
during the mixing. After degassing, the PDMS mixture was spin coated on the
silicon mold and then cured at 85°C for 1 hour. After curing the PDMS mixture,
PDMS layer was peeled off to transfer micropad structures on the PDMS layer.
This patterned PDMS layer was then attached to a glass slide coated with 100
nm thick layer of Cu as shown in steps in Figure 3.19a (ii). For bonding, an
uncured layer of PDMS was spin coated on the glass slide and again cured
together after laying the patterned PDMS layer on it. The copper thin film on
glass slide acted as the top electrode for the device. Figure 3.19b shows the
optical image of the patterned PDMS layer on top of the copper thin film.

For the bottom triboelectric layer TENG, a 40 um thick laminated copper
layer was attached to glass substrate. The copper surface was treated with Ar/O-

plasmaat 70 W for 1 hour to create nano-roughness as shown in the AFM image
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in Figure 3.19c. The roughness created by plasma treatment was used to

improve the performance of contact electrification during device operation.

P el L 2

Sl substrate | | AZ9260 spin Lithography PDMS spin | | After curing
coating patterned coating and peeling
AZ9260
o Ay 4y 4y .4
’ Glass substrate ‘ ’ Cu thin film ‘ Uncured PDMS Laying partially cured
spin coating film on uncured PDMS
‘ ‘ . . ‘ and re-cure
i AZ9260 PDMS Glass b Py

(b)

Figure 3.19: (a) Fabrication steps for the cantilever TENG-II. (b) Optical image
of the fabricated PDMS micropad structures. (c) AFM image of the plasma
etched copper triboelectric layer.

3.3.2. Deformation in the PDMS micropad patterns

When the two triboelectric layers come in contact with each other, the
surface charge generated depends on two factors: (i) chemical properties of
materials and (ii) surface topography of triboelectric layers. To enhance the
triboelectric effect using the surface topography, cuboidal shaped PDMS
micropad pattern structures were fabricated (Figure 3.19b). Micropad structures
were chosen over high aspect ratio PDMS pillars because during the contact-
separation mechanism required for contact electrification process, high aspect

ratio PDMS pillars tend to collapse [98] which may lead to deterioration of
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performance of TENG after certain number of operating cycles which was to be
avoided for the study.

Five variations of TENG devices were prepared including a
plain/unpatterned PDMS layer and four different array configurations. Figure
3.20a illustrates a schematic diagram of micropad array pattern in a square
lattice. The total square sample size i.e. micropad array size has a side length of
L. Each individual micropad has a square cross-section of side length [. The gap
between two micropads along both x-axis and y-axis is also equal to . The array
dimensions were carefully chosen such that the contact area due to the micropad
top surface as a percentage of total sample size is equal for all the array patterns.

This is illustrated by the following calculations:

L
Total number of micropads = o X o

L L
Total micropad area = TR TR 12 = 0.2512 (3.22)

LZ

LZ

X 100% = 25%

Total micropad area as % of sample size =

From Equation (3.26), it is clear that the total contact area due to
micropad top surface before elastic deformation in micropad is same for all the

array configurations.
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Figure 3.20: (a) Schematic of PDMS micropad array in a square lattice. (b)
Deformation in PDMS pad type structures when mechanical force is applied.

For the deformation of PDMS micropad structures, they can be modeled
using generalized Hooke’s law in three dimension as expressed in Equation

(3.23), assuming that PDMS is a homogenous material.
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where €;; is the strain in direction i = X, y, z, g;; is the normal stress in
directioni =x, Y, z, E is the Young’s modulus and v is the Poisson’s ratio. If we
assume that in contact separation mechanism normal stress is applied in only
normal z-direction on the PDMS micropad structures as shown in Figure 3.20Db,
the other two normal stress terms i.e. o, and o,,,, disappear from the Equation
(3.23). Therefore, from Equation (3.23) following set of equations can be

derived:

v v 1

€Exx = _Eo'zz' €yy = _EO-ZZ' €zz = Eo'zz (3.24)

The elastic deformation in a single PDMS micropad structure along x-
axis and y-axis can be calculated as:
Ax = L€y, = _EVUZZ

(3.25)

Ay = ley, = _EVGZZ

The change in total contact area between two triboelectric layers due to

the elastic deformation in PDMS micropad structure can be calculated as:

lZ
AA = Ax x Ay = ﬁvzaz (3.26)

Hence, the change in total effective contact area after elastic deformation

is given by:

X —=v%0% = ——— (3.27)
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where n is the total number of pillar on the PDMS triboelectric layer and is

2
equal to (%) . It is clear from Equation (3.27) that the effective change in the

contact area after the elastic deformation is also independent of the dimension [
in micropad arrays (Figure 3.20a).
3.3.3. Results and discussion
3.3.3.1L. Broadband behavior of cantilever TENG-II

Broadband behavior was observed in the cantilever TENG-II, due to
stiffening of the cantilever spring introduced by the fixed second triboelectric
layer as the first layer comes in contact. The broadband behavior can be studied
by up-sweeping and down-sweeping of frequency as shown in Figure 3.21,
which shows the results for micropad array of 50 pm x 50 um sample. An
additional proof mass of 2.36 gram was attached at the cantilever tip for all the
experiments. When a down-sweep of the frequency was conducted, the
resonant frequency of the device was observed to be ~31.5 Hz. However, when
an up-sweep of frequency spectrum was conducted, broadband characteristic of
cantilever TENG-11 could be observed due to spring stiffening. During the up-
sweep, as the top triboelectric layer attached on cantilever spring comes in
contact with the bottom triboelectric layer, the stiffening occurs in the cantilever
spring and hence the effective spring constant increases. Due to increase in the
effective spring constant, the resonant frequency of the device increases, which
further shifts the resonant peak to the right of original resonant peak. In Figure
3.20, as the frequency increases from 31.5 Hz to 38.8 Hz, the effective stiffness
increases and the device operating frequency original range keeps broadening
till point A. Thereafter, the output voltage drops abruptly [99] and both the

triboelectric layers lose contact with each other for further increase in operating
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frequency. The operating bandwidth for excitation acceleration of 1g at a
voltage level of 70 mV RMS output voltage increased from 7.3 Hz to 11.9 Hz,
which is an increment of 63% from the original operating bandwidth. It can be
seen that there is a small dip in the frequency response near 50 Hz. In oscillating
systems, phenomenon named ‘antiresonance’ leads to a pronounced drop in the
amplitude of the oscillator at certain frequencies. This behavior is caused due to
destructive interference between the external driving force and the oscillating
system. The small dip observed in the frequency response is possibly due to

‘antiresonance’ phenomenon in the system during the experiment.
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Figure 3.21: RMS output voltage for frequency up-sweep and down-sweep at
an acceleration level of 1 g for 50 pm x 50 um sample.

Furthermore, experiments were conducted to study the broadband
behavior in TENG with different PDMS micropad dimensions at different
excitation acceleration levels. Figure 3.22 shows the results for RMS output
voltage generated by five different cantilever TENG-II devices. For all the

devices, the excitation acceleration level is increased from 0.6 g to 1.4 g in steps
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of 0.2 g. It can be observed that for all five samples that as the acceleration level

IS increased, the operating bandwidth also increases along with increased output

level.
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Figure 3.22: Wideband characteristics of the voltage signal produced by
different PDMS micropad samples.

3.3.3.2.

Output characteristics of cantilever TENG-II

Output voltage and current were measured for the device with micropad

dimension of 50 um x 50 pm for various values of load resistances connected.
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The voltage and current characteristics for 50 pm x 50 um micropad dimensions
at acceleration level of 1 g are summarized in Figure 3.23a. The output voltage
across the load resistance increases as the resistance value is increased from 50
kQ to 11 MQ. On the other hand, the current flowing through the load resistor

decreases with the increasing load resistance value.
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Figure 3.23: (a) Peak voltage and current produced by cantilever TENG-I1I at
different values of load resistances. (b) Power characteristics of cantilever
TENG-II at different values of resistances. (¢) Open circuit voltage and (d) short
circuit current at optimal load resistance.

Figure 3.23b shows the power characteristics of cantilever TENG-II
device with micropad dimension of 50 um x 50 um at an acceleration level of
1g. As the load resistance is increased, the power output increases up to an
optimum value of load resistance and starts decreasing thereafter. The optimum

value of load resistance was observed to be 5.8 MQ. Time domain signals of the
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TENG at the optimum value of resistance were also recorded as shown in Figure

3.21c,d.
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Figure 3.24: Comparison of time domain signals from different micropad cross-
section samples.

3.3.3.3. Effect of PDMS micropad array configuration on device
performance

To study the effect of PDMS micropad array configuration, five set of
TENG devices were assembled on shaker and tested. Time domain results for
open circuit voltages for all the five devices tested are shown in Figure 3.24. It
is interesting to notice that the overall primary contact area due to PDMS
micropad cross section remains same before and after the impact as discussed
earlier in section 3.4.2. It was observed that although the overall contact area
remains same before and after the elastic deformation in PDMS micropads, the
array configurations which used the micropad cross section area divided into
smaller micropads had a relatively better performance compared to bigger
micropads with same overall contact area. This device behavior can be
explained by the easier separation of the triboelectric charge [63] when there
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are sharper or smaller asperities keeping the overall contact area between the
two triboelectric layers same. This result can be extended to further
topographies to improve TENG performance. It is to be noted that the minimum
feature size used for micropad used in the experiments was 15 pm x 15 pm.
This was limited due to the process fabrication limitations. In the absence of
experimental evidence, it remains debatable question that for what range of size,
the results of conducted experiments can be extended. The results provide an
important guideline for structures in the range of microscale patterns, that if it
is possible to pattern the triboelectric layer with similar materials with smaller
dimension structures keeping the overall contact area same, the device
performance of triboelectric mechanism based energy harvesters can be
significantly improved.

3.4. Summary

A cantilever-based design for triboelectric mechanism based energy
harvester is proposed and fabricated to capture energy from low frequency
vibrations. A theoretical model was developed for cantilever mechanics and
contact force between the triboelectric layers. One of the main advantages of
the presented design is broadband behavior observed in the resonant TENG due
to non-linearity introduced by contact-separation mechanism. The bandwidth is
observed to be continuously increasing as the acceleration level is increased.
The cantilever based design was utilized to understand the effect of topography
on the performance of TENG.

Based on cantilever TENG-I results, power output was found to depend
on the size of micropillars and air voids between micropillars. As the micropillar

dimension increases the power output increases due to increase in contact area
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between two surfaces. But this effect starts diminishing at higher fill factors i.e.
higher micropillar dimensions due to decrease in the size of air voids which
results in increased difficulty in triboelectric charge separation. In conclusion,
patterned triboelectric layers have better performance than unpatterned
triboelectric layers and introduction of air voids with an optimum size is
necessary to achieve better performance for triboelectric mechanism based
energy harvesting devices.

Thereafter cantilever based TENG-II was used to conduct a study on the
effect of size of the patterned structures on the performance of triboelectric
mechanism based energy harvesting devices. It used elastic PDMS micropad
structures on the performance of triboelectric energy harvesting mechanism.
The performance of smaller structures was observed to be better than bigger
structures, keeping the effective contact area between the triboelectric layer
constant. Both the cantilever based devices were shown to demonstrate

broadband characteristics.
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4. SKin based self-powered wearable

sensors and nanogenerators

4.1. Motivation

Wearable electronic devices in the form of health trackers, watches and
computers have made their way to the consumer market recently. But one of the
major challenges with all these wearable devices is their frequent need to change
or charge battery. Most of these wearable devices are directly in contact with
the human skin. Therefore if skin can somehow be used as a potential way to
transfer or generate energy, it would partially solve the power needs of wearable
devices. This led us to think about using skin as a triboelectric layer to
potentially harvest biomechanical energy. This chapter discusses application of
human skin as a triboelectric layer and for sensing. A skin based triboelectric
nanogenerator and a self-powered motion sensor was developed using the skin
area as an active triboelectric layer. Moreover, we demonstrated a capacitance
based sensor based on the capacitance change between the human skin and
flexible device electrode. This sensor was later integrated with the triboelectric

nanogenerator to demonstrate potential applications in self-powered sensing.

4.2. Skin used as a triboelectric material

Skin is the largest organ of the human body. It has a large surface area on
the human body and performs many functions such as protection, sensing and
heat regulation. Due to its abundant exposed area on the human body, it can

potentially be used as triboelectric layer to generate charge using contact
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electrification. Meng et al. [78] and Yang et al. [77], have earlier used human
skin as a triboelectric layer for tactile sensing using triboelectric effect. As per
triboelectric series, the outer layer of human skin also known as epidermis has
a tendency to get positively charged as compared to majority of polymers [100].
In this work, we propose and fabricate flexible and wearable device which use

epidermis as an active triboelectric layer for energy generation and sensing.

4.2.1. Device design

As the epidermis has a tendency to donate electrons compared to
polymers, a polymer was chosen as another triboelectric layer that could be
easily fabricated and patterned. We used PDMS as the polymer triboelectric
layer in conjunction with epidermis as it has a high tendency to gain electrons
as per triboelectric series. A schematic of the proposed device is shown in
Figure 4.1. The device comprises of PDMS nanopillars which is bonded to a
polyimide layer. The polyimide layer is coated with a thin film of gold, which
acts as an electrode. The device is a single electrode device, which means the
charges harvested in a load resistor connected between the gold electrode and a
ground reference electrode, as the relative potential at gold electrode changes
due to mechanical motion. The proposed device has an advantage of simple
structure and high flexibility. The fabrication of the device is discussed in the

next section.

Load
Resistor

® PDVMS @ Polyimide Gold

Figure 4.1: Schematic illustration of the proposed skin based TENG.
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4.2.2. Device fabrication

For the fabrication of TENG (Figure 4.2a), an anodized aluminum oxide
(AAO) substrate with nano-pores was spin-coated with a 10:1 mixture of
polydimethylsiloxane (PDMS). The AAO template with PDMS layer was then
kept for degassing for 2 hours to allow the PDMS enter the nano-pores.
Thereafter, the samples were cured at 120°C for 2 hours to cure the PDMS layer.
The ~500 pum thick PDMS layer was then carefully peeled off from the AAO
substrate using tweezers to transfer nanopillar structures on PDMS layer. A
polyimide layer was coated with a 50 nm gold using thermal evaporation
process. The gold thin film served as the electrode for TENG. The nano-
patterned PDMS layer was then laid upon and bonded with the polyimide layer
already coated with gold using silicone adhesive. Polyimide was chosen as the
supporting layer for PDMS layer due to its mechanical properties and flexibility
which helped to maintain the overall strength and robustness of the device.
Figure 4.2b shows a scanning electron microscope (SEM) image of AAO
template with nanopores. Figure 4.2c shows a photograph of the device
depicting its flexibility. The as-fabricated device was then assembled on
epidermis. The nanopillar structures increased the effective contact area
between the epidermis and the PDMS triboelectric layer. During the device
operation, the PDMS layer gets negatively charged whereas the human skin gets

positively charged as shown in Figure 4.2a.
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AAO template PDMS spin coating Peeling off the PDMS
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Figure 4.2: (a) Fabrication steps for the flexible TENG. (b) Scanning electron
microscopy (SEM) image of the AAO nanopores. (c) Photograph of the actual
fabricated device showing the flexibility.

The fabricated PDMS samples were characterized using Atomic Force
Microscopy (AFM) in tapping mode. Figure 4.3 shows an optical image of as-
fabricated PDMS sample. The sample is divided into two parts, one part is
fabricated using the AAO nanopores whereas other was peeled from area
without any nano-pore structures. As the device was characterized using AFM,
the difference between the topography of two areas could clearly be seen. The
part without AAO nanopores was flat as compared to the nano-pillar like
structures on the part fabricated using AAO nanopores. This nano-structured
topography results in the increased effective contact area between the epidermis

and PDMS layers leading to the improved performance of device.
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1um 2um 3um

Figure 4.3: Optical image of as-fabricated PDMS sample with AFM images of
topography of parts with and without nanopillar structures using AAO template.

4.2.3. Working mechanism

The device uses PDMS and epidermis served as two triboelectric layers for
surface charge generation using triboelectric effect. According to triboelectric
series [101], epidermis has a high tendency to lose electrons relative to PDMS,
which makes epidermis a good choice for energy generation using triboelectric
mechanism. As the PDMS layer and epidermis come in full contact due to
external mechanical force as shown in Figure 4.4(i), the skin gets positively
charged and PDMS layer gets negatively charged. At this point, the electric field
due to the charges on epidermis and PDMS layer is negligible due to the close

vicinity of surfaces charges generated. Thereafter, the PDMS layer detaches
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from epidermis as mechanical force is released. As epidermis has conductive
nature and large surface area, it can be considered as ground and the charges get
redistributed. After the detachment of epidermis and PDMS layer, there is a
potential generated at the device electrode because of electric field generated by
triboelectric surface charges. The electrode was connected to ground using a
load resistor and the electrons start moving from low potential to high potential
i.e. towards the ground (Figure 4.4(ii)). As the device reaches the maximum
separation (Figure 4.4(iii)), the device is in electrostatic equilibrium. Thereafter,
as the device moves in the opposite direction, the electrons start to move back
towards the device electrode (Figure 4.4(iv)). This energy generation cycle can
be utilized to convert devices assembled on epidermis to convert mechanical

energy to electrical energy.

! (iii) %

Figure 4.4: Working mechanism of triboelectric nanogenerator utilizing skin as
an active triboelectric layer for energy generation.

4.2.4. Harvesting energy using skin based triboelectric nanogenerator
from various human activities
Fabricated flexible TENG was assembled on a human forearm as shown

in Figure 4.5a. The assembly step was crucial as it has to be made sure that
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there is a minimal gap between the assembled TENG and epidermis. As the
hand is used for any activity such as lifting object or fist opening and closing,
there is @ movement in the muscle that translates into closure of gap and hence
contact between epidermis and PDMS layer. The contact between two surfaces
results in generation of triboelectric charges on both the surfaces. As the muscle
device goes back to the initial position, there is an electric potential developed
on the gold electrode. This electric potential changes as the gap between
epidermis and PDMS layer varies. This variation of electric potential results in
inflow and outflow of electrons in the load resistor connected between the
electrode and ground. This electron flow can be converted into useful electrical

energy in the load resistor.

W@ (b)
! b -

Time (s)

Figure 4.5: (a) Voltage output from fist movement of hand. (b) Skin based
nanogenerator assembled on human wrist.

To measure the voltage output response of TENG, first set of experiments
were conducted using with fist clenching and releasing activity of human hand.
As the fist is clenched, there is a movement in the muscle resulting into the

contact between epidermis and PDMS layer. As the muscle moves back to the
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initial position, the two triboelectric layers separate from each other. This
contact-separation cycle generated a peak voltage up to 10 V.
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Figure 4.6: (a) Voltage signal generated by speaking different alphabets when

flexible TENG is assembled on the vocal box on throat. (b) Voltage signal
generated by the finger snapping motion and the device assembled on forearm.

Furthermore, the device was also used to harvest energy from the
movement of vocal box during speaking as shown in Figure 4.6a. The device
was assembled on the throat and generated a peak voltage of up to 0.25 V as
different alphabets are spoken as marked in Figure 4.6a. The device generated
a peak voltage of up to 17 V from the muscle motion caused due to finger
snapping, when assembled on the forearm. All these measurements were
conducted using an oscilloscope with an internal impedance of 1 MQ.

To demonstrate the ability of TENG to power electronic components as a
power source, the device was directly connected to 12 commercially available

LEDs connected in series. The device was again assembled on human skin and
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tapped mildly using finger to generate energy. As the device was touched and
released with the finger, the LEDs were lighted up using the power generated
by TENG. The highest peak voltage generated by the finger tapping on TENG
assembled on epidermis was measured to be 90 V as shown in Figure 4.7a.

Figure 4.7b shows an image of the lit up LEDs.
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Figure 4.7: (a) VVoltage output from finger tapping. (b) LEDs lighted using mild
finger touch on skin based TENG.

These set of experiments demonstrated that TENG can potentially be used
for powering small electronic devices by harvesting biomechanical energy.
TENG can also be assembled on other body parts e.g. leg, arm etc. where the
muscle movement due to daily activity like walking, running, lifting objects,
can enable the contact and separation movement between the epidermis and
nano-structured PDMS layer.

4.2.5. Testing as a motion sensor

Alternatively, the electrical output signal generated from the flexible
TENG can also be used for sensing. The flexible TENG device was
demonstrated to be used as wearable sensor. The device was assembled on hand
and tested as a sensor for muscle movement due to any motion or activity of

hand. As seen in Figure 4.8, a pulse is generated due to holding of an object
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using hand. The object was a ball with a diameter of 7 cm and weight of 26 gm
which was held using the hands leading to the pulse generated due to muscle
motion. The signal to noise (SNR) ratio for the TENG as a motion/activity
sensor can be calculated using Equation (4.1).

s = (‘o) (4

Anoise
where Agignq is the amplitude of required signal and Ay is the
amplitude of noise. As calculated from the acquired signal Ag;gnq; and Aypise
were measured to be 6.34 V whereas and 0.19 V, respectively. Using these
values in Equation (4.1), the SNR is calculated to be 1113.5. The calculated
SNR value demonstrates the superior characteristics of TENG as a motion or

activity sensor.
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Figure 4.8: Testing of the flexible TENG as a skin based motion/activity sensor.

This skin based wearable sensor can be used for fall detection in elderly,

soft robotics and flexible electronics applications.
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4.3. Integration of skin based nanogenerator with a
capacitance based sensor to realize human finger motion

tracking

The motion sensor described in previous section can only be used for
applications to detect dynamic motion as it requires the device to periodically
contact and separate from epidermis to generate an electrical signal. To improve
the usability of the motion sensors, it is important to develop sensors which can
provide electrical signal as output data for any given or static position or motion
profile. The electrical output data can then readily be calibrated with different
motion parameters. In this section, a novel sensing mechanism is proposed
which can be used to detect both static and dynamic finger joint positions and
can readily be integrated with skin based nanogenerator as discussed in earlier
sections in this chapter.

Humans are always surrounded by low frequency electric fields which
are generated due to alternating current (AC) carrying power supply lines and
electrical household equipment like monitors, electric oven, refrigerators etc.
The effect of these low frequency electric fields on human body are well studied
and are proven to be completely harmless within specified limits [102]. The
electric field sensing has been utilized for sensors and studied previously. It was
first proposed by Zimmerman et al. [103] at MIT Media Lab, for proximity
detection and human-computer interfacing to develop personal area networks
(PAN). Here, an electric field based mechanism is proposed and demonstrated
to realize flexible and wearable human motion sensors. The current carrying
conductors (or power lines) are capacitively coupled to epidermis [104] due to

epidermis’ conductive nature. The fabricated flexible device is assembled on
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epidermis which in turn leads to capacitive coupling between epidermis and
device electrode. Due to the aforementioned arrangement, there is an oscillating
potential signal observed at device electrode. The variation in intensity of this
oscillating potential signal due to change in capacitive coupling between
epidermis and flexible gold electrode was detected as a measured signal for
finger motion. A proof of concept device is demonstrated to detect the motion
of human finger using the proposed mechanism.

For the proposed device, energy harvesting capability is demonstrated
based on triboelectric mechanism using similar device structure as discussed in
section 4.2.1. The harvested biomechanical energy can be used to power
auxiliary electronic circuitry for the sensor and acts as a sustainable source of
power. The signal characteristics due to capacitive coupling with current
carrying conductor and energy generation due to triboelectric phenomenon can
easily be differentiated in terms of amplitude and frequency characteristics. The
signal due to capacitive coupling of low frequency electric fields is typically
very low as compared to triboelectric output but is strong enough to be detected.
The device is shown to generate a maximum voltage of 70 V and a current of
2.7 nA/cm? at a load resistance of 5 MQ. The proposed mechanism is suitable
for skin and body based wearable and flexible sensors. These sensors can be
used for various applications in recognition of gesture and motion pattern,
advanced input method for human-machine interface and osteoarthritis
rehabilitation.

4.3.1. Fabrication
The device structure of the proposed sensor is similar to the device

discussed in section 4.2.1. The only difference is in the topography of PDMS
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1. KOH etched pyramids in 2. Spin coated PDMS
Si using SiN hard mask

3. Peel off PDMS film with
micro-sized pyramid patterns

(b) _ Gold

& Polyimide
Epidermis layer

4. PDMS layer laid on Polyimide
coated with gold thin film

® 066 00O

Silicon SiN PDMS Polyimide Gold

Figure 4.9: (a) Fabrication process flow of flexible device. (b) Schematic of
assembled device on epidermis layer. (c) SEM images of pyramids etched pits
in silicon wafer and (d) pyramid structures transferred to PDMS.

layer was replaced by micro-pyramid patterns instead of nanopillars. The
advantage of the micro-pyramid patterns is that they could be fabricated with
high uniformity and repeatability as compared to nanopillars. For the device
fabrication, 100 nm thick silicon nitride (SiN) was deposited using plasma
enhanced chemical vapor deposition (PECVD) on a silicon (Si) wafer. Square
window opening patterns of 2 um x 2 pum size were then etched in SiN layer

using reactive ion etching (RIE). The SiN layer acted as a hard mask and was
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used to etch Si anisotropically leading to pyramid shaped patterns using
potassium hydroxide (KOH) solution (Figure 4.9a, c). The etched wafer was

then treated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane
(United Chemical Technologies) to reduce the adhesion of
polydimethylsiloxane (PDMS) with wafer during the peeling-off process.
Thereafter, the patterned wafer was used as a mold and poured with 10:1 PDMS
mixture and degassed in a desiccator for 4 hours to let PDMS enter in KOH
etched pyramid cavities. The samples were then cured at 120°C for 1 hour and
the micro-patterned PDMS films were peeled off from the mold (Figure 4.9d).
These micro-patterned films were then carefully laid and bonded on a polyimide
substrate which was already coated with a 50 nm gold film on the other side as
an electrode. Polyimide was chosen as the substrate, owing to its excellent
adhesion properties with gold film compared to PDMS and its superior
mechanical characteristics. Polyimide layer also helped to maintain the overall

flexibility of device while improving the mechanical robustness.

The topography of surfaces was characterized using Nova NANOSEM
230 from FEI. The voltage and current measurements are made using
DSOX3034A oscilloscope from Agilent Technologies. For the capacitance
measurement Agilent 4924A Precision Impedance Analyzer was used. Agilent

33500B waveform generator was used to generate AC signal at 1 kHz.

4.3.2. Operating principle of sensor

Humans are constantly exposed to low frequency electric fields in their
daily lives. The AC carrying conductors and electrical equipment are
capacitively coupled to epidermis due to its conductive characteristics [105]. A

schematic diagram depicting electric field lines coupled to human body is
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Electric field lines produced by AC carrying
conductor capacitively coupled with human body
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Figure 4.10: (a) Schematic of electric field lines coupled to human body and
flexible device assembled on epidermis (b) circuit diagram to model the
capacitive couplings of human body and assembled flexible device on
epidermis.

shown in Figure 4.10a. Epidermis can be considered as a large conductor
capacitively coupled to current carrying conductor. The flexible device
comprising of micro-patterned PDMS film at the top and a gold electrode at the
bottom is attached to epidermis such that PDMS film is in direct contact with

epidermis layer (Figure 4.10a inset). The space between epidermis and gold
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electrode is separated by a combination of air, PDMS and polyimide layers. This
system of stacked layers forms a capacitive system between epidermis and gold
electrode. An equivalent electrical circuit is shown in Figure 4.10b for this
system. In this circuit, Va is the potential at current carrying conductor or power
line which generates electric field. The epidermis is capacitively coupled to
current carrying conductor and ground conductor through capacitor Cgiand Cgy,
respectively. As the device is assembled on epidermis, it is coupled to epidermis
through capacitance Crp which is shown as a variable capacitance in the
electrical circuit. The change in capacitive coupling between epidermis and gold
electrode (Crp) results in the change in intensity of oscillating potential signal
at gold electrode. In the presented device, we correlate the change of finger joint
angle, which is the physical parameter to be measured with the change in Cep,
using variation in intensity of oscillating potential signal. The capacitive
coupling between gold electrode and conductor producing electric field lines
can safely be ignored in this model as compared to Cg: due to its small area
relative to the overall epidermis area. The oscillating potential signal from the
flexible gold electrode is then measured using oscilloscope as shown in Figure
4.10b. Coand R, are used to model the oscilloscope internal capacitance and
resistance, respectively. This electrical circuit was used to model and study the
signal Vg using LTspice for various values of Crp. Model described in Figure
4.10b is used to simulate the signal acquired by the device as the capacitive
coupling changes due the index finger movement. The values used to conduct
the simulations using LTspice are summarized in Table 4.1. The simulated

results are shown in Figure 4.11.
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Table 4.1: Parameters for circuit simulation

Parameter Value
Cp1 1pF
Cp2 1pF
Co 8 pF
R, 10 MQ

The value of Cgp used for simulation were 6.9 pF, 3.6 pF, 2.4 pF, 2 pF
and 1.2 pF for 60°, 90°, 120°, 150° and 180° respectively, as measured in the
experiments as shown in Figure 4.13. Vawas assumed to be 220 V, 50 Hz for

the simulation.
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Figure 4.11: Signal amplitude simulated using LTspice as the capacitive
coupling between epidermis and device electrode changes.

4.3.3. Working of triboelectric nanogenerator

Apart from acting as a finger motion sensor, the device also serves dual
purpose of harvesting biomechanical energy from the finger movement. It
worked as a single electrode triboelectric nanogenerator and works on the same

principle as discussed in section 4.2.3. It used PDMS micro-pyramid patterns as
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one of the triboelectric layers to improve the contact area when two triboelectric
layers are put in contact [106]. Epidermis served as the second triboelectric
layer for charge generation using triboelectric mechanism during device
operation. This device configuration is also aligned with the working
mechanism of motion sensor described earlier, as PDMS and epidermis are in
direct contact with each other. The flexible device was attached on the finger
such that any movement in finger motion led to an increase in gap between the
PDMS layer and epidermis (Figure 4.12a, b). When the angle at finger joint is
60°, PDMS and epidermis are in full contact. As the joint angle increases due to
finger movement, the flexible device detaches from the epidermis and electrons
flow towards the ground. As the device reaches the maximum position when
finger joint angle is 180°, electrostatic equilibrium is reached. Thereafter, as the
finger moves in the opposite direction, the electrons start to move back towards
the gold electrode. As the finger completes one full cycle of 60°-180°-60°, one
cycle of power generation is completed. This kind of natural motion is generated
in day to day activities when we are holding objects, typing on keyboard, fist
clenching and releasing etc. More importantly, such natural finger motion can

be utilized to generate energy for useful purposes.

The two features of proposed device: capacitive coupling change for
motion sensing and triboelectric energy generation cycle, utilize same device
configuration when assembled on epidermis. Both mechanisms work in tandem
for sensing and energy generation. The finger joint motion sensor has potential
applications in advanced input devices to recognize gestures and human
computer interfaces. Another important application for joint motion sensing is

in rehabilitation of osteoarthritis patients who suffer from difficulty in
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movement of finger joints. The harvested energy using triboelectrification can
be used to power auxiliary electronics needed for sensor to realize a fully

independent self-powered wearable sensors.

4.3.4. Finger motion sensor testing

The as-fabricated device was assembled on index finger to measure the
angle at finger joint as shown in Figure 4.12a. The device was assembled such
that patterned PDMS layer and epidermis were in direct contact when finger
was fully bent (at angle of 60°). The range of the movement of middle joint
(proximal interphalangeal joint) of index finger was measured to vary from a
minimum of 60° to a maximum of 180° (angle at the joint). The schematic of
the flexible device assembled on epidermis layer is shown in Figure 4.12b. Point
O is located at the joint whereas points Aj and B; (i = 0 to 5, where i depicts the
position of finger at an angle of 60°, 90°, 120°, 150° and 180°, respectively) are
located at the end points of the flexible device where it is attached to epidermis.
The epidermis is flexible and is in fully stretched position at 60° and reaches
relaxed position as the joint angle increases, leading to wrinkling of the skin
(epidermis) at an angle of 180°. The flexible device reaches a slack state as the
joint angle increases and epidermis reaches a relaxed position. As shown in
schematic diagram in Figure 4.12b, the points A; and B; starts moving towards
O as joint angle increases and epidermis approaches a relaxed position. The
decrement in distance OA; (OA1 > OA2 > OA3 > OA4 > OAs) leads to increased
gap between the PDMS film and epidermis. As the flexible device is assembled
on epidermis, they form a capacitive system between epidermis and gold

electrode. For simplicity, assuming there is only air separating the electrode and
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epidermis, the capacitance Crp can be obtained using equivalent capacitance
equation for capacitance connected in parallel configuration (Equation (4.2)).
Bi (4.2)
Cop = f £o— .dl
FD 0 d *

Aj
where ¢, is the electric constant, w is the width of flexible device, d is
the gap between electrode and epidermis, and varies across the epidermis
surface and ‘dl’ is infinitesimal length across the epidermis surface. It is clear

from the
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Capacitive coupling: CFp1 > CFD2 > CFD3 > CFD4 > CFD5 180°

Figure 4.12: (a) Flexible device assembled on index finger to measure the angle
at finger joint starting from 60° to 180°. (b) Schematic illustration of change in
capacitive coupling Crp between epidermis and flexible device electrode as the
finger joint angle changes.

equation, that as the average gap d increases, it will lead to increase in
capacitance Crp. Measurements were conducted for capacitance Crp at different
joint angles as shown in Figure 4.13a. The measurements were taken at five
different angles: 60°, 90°, 120°, 150° and 180°. For the capacitance
measurements at different joint angles, it was found that the capacitance
decreases as the joint angle increases (average gap d increases) as predicted by
the Equation (4.2). The capacitance varied from 6.9 pF at 60° to 1.2 pF at 180°.

From the experimental measurements, it is clear that increase in joint angle
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results in decrease in capacitive coupling between flexible gold electrode and
epidermis. Figure 4.13b shows the change in capacitance as the finger joint
angle changes. The measurements were also conducted for dynamic movements
of finger moving in cycle from 60°-180°-60° as shown in Figure 4.13c. The
capacitance changes cyclically as the joint angle changes. The sensitivity using
capacitance (6(4Crp/Crpo)/ 06) is plotted in Figure 4.13d which is defined by
change in capacitance Crp per unit change in the joint angle 6. The sensitivity

was observed to increase with the increasing joint angle.

After capacitive coupling measurements between the epidermis and flexible
gold electrode, measurements were conducted for oscillating potential signal
due to electric field in environment. We conducted measurements using
oscilloscope probes to observe the change in variation of oscillating potential
signal amplitude at gold electrode as the capacitive coupling Crp changes. As
finger joint angle decreases, the capacitance between the epidermis and gold
electrode decreases leading to reduction in capacitive coupling. The oscillating
potential signal at electrode is expected to decrease as the coupling between
epidermis and gold electrode decreases (simulation results shown in Figure
4.11). It was observed that the acquired signal amplitude decreases as the joint
angle decreases as shown in Figure 4.14a. Normalized signal amplitude values
are plotted in Figure 4.14a for different joint angle values. The normalized
signal amplitude continuously decreases as the finger joint angle decreases. All
these measurements were conducted for 50 Hz signal due to the electric field
created by AC carrying conductors in our lab. Special care was taken during the
experiments such that hand did not change the position while conducting a set

of experiments for 50 Hz oscillating electric field. To further confirm the
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working principle of motion sensor, 1 kHz signal was applied to epidermis using
a signal generator. The measured signal was processed by passing through a
high pass filter of 100 Hz to remove the signal due to 50 Hz electric field. The
results for 1 kHz signal are shown in Figure 4.15. The oscillating potential
signal measured for 1 kHz followed the same pattern as measured for 50 Hz
signal measurements and confirmed the working principle theory. The
measurements were also conducted for dynamic movement of finger as shown

in Figure 4.14b. The normalized signal amplitude increases from 0.4 at 180" and
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Figure 4.13: (a) Measurement of capacitance between epidermis and flexible
device electrode (Crp) at different finger joint angles. (b) Change in capacitance
(Cep) as a function of finger joint angle, optical image of the flexible device
(inset). (c) Time variation of capacitance as the finger joint is moved in cycles
from 180°-60°-180° . (d) Sensitivity in terms of change in capacitance per unit
joint angle (6(4Crp/Crpo)/ 66).
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Figure 4.14:(a) Plot of normalized signal amplitude acquired by flexible device
electrode as a function of finger joint angle. (b) Variation of normalized signal
amplitude as the finger joint angle completes a cycle from 180°-60°-180°.

reached a maximum value of 1 at finger joint angle of 60° and then again drops
down as joint angle becomes 180°. The average angular velocity of finger for
the motion was calculated to be 0.42 rad/s. The angle data gathered though
sensor was used to simulate the finger movement using MATLAB. The
equations used to simulate the motion are given in Appendix A. One of the
limitations of these kind of sensors is that they are highly dependent on the
coupling between epidermis and AC carrying conductor which is very sensitive
to the position of body in the electric field mesh in the environment. This
limitation can be overcome in future by having a controlled electric field at a
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specific frequency which is dedicated to human motion sensing. This can also

be used in robotics for electronic skin applications.
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Figure 4.15: Signal amplitude measured for 1 kHz signal capacitively coupled
to skin

4.3.5. Energy harvesting testing

For the energy harvesting testing, the flexible device assembled on index finger
was used to harvest biomechanical energy from the moving motion of finger.
Figure 4.16a shows the voltage generated by the flexible device utilizing
biomechanical energy harvesting from finger motion. The peak voltage
generated was measured to be about 70 V with a load resistance of 5 MQ
connected in parallel with the device. Figure 4.16b depicts the current area
density generated by the flexible nanogenerator. The peak current area density
was measured to be 2.7 pA/cm? The power generated by the flexible
nanogenerator using finger joint movement was used to power commercially
available LEDs as shown in Figure 4.16c. First part of Figure 4.16¢ shows the
LEDs in OFF positions and second part shows the LEDs are lighted up using

the biomechanical energy harvested by device using triboelectric mechanism.
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This demonstrates the capability of flexible nanogenerator to power small

electronic devices or electronic circuitry from simple finger movement.

80
(a) (b) ] =
604 w'. N§ ggj
40 < 2 53,
S SR = S 4 -
:; 20- zzenmez(‘ss) 33 ‘? 1 240 zt‘i‘me (SA)B 252
n
=2 .
& o4 @
S z
-204 5 1
£ -1
-40+ O
; 2
0 1 2 3 4 5 0
(c) time (s)

LEDs lighting using finger
motion energy harvesting

>

Figure 4.16: Tribolelectric energy generation characteristics of flexible device
(a) voltage generated (b) current generated by flexible device due to the index
finger movement in full cycles at a load resistance of 5MQ(c) demonstration of
LED lighting using the energy generated by flexible device assembled on index
finger

4.4, Summary

A skin based flexible energy harvester is proposed and developed. The
first set of devices fabricated using PDMS nanopillars were demonstrated to
harvest energy using different human activities like holding objects, speaking

and finger snapping. The device was also demonstrated as a motion sensor.

A new sensor mechanism is demonstrated to measure the angle at the
joints for different positions of finger statically and dynamically. It can also
utilize the same device structure to harvest biomechanical energy using

triboelectric effect. It uses epidermis as an active triboelectric layer for charge

103



Chapter-4

generation which can be used for energy generation to power body wearable
sensors using only one fabricated flexible triboelectric layer. The proposed
sensing mechanism is very suitable for human body based intelligent wearable
sensors and can be utilized in future to realize completely independent self-

pOWGI’Ed Sensors.
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5. Large scale fabrication of
triboelectric energy harvesting and

sensing applications

5.1. Motivation

One of the important factors affecting the performance of tribo-
electrification process is the surface topography of the contact surfaces. It plays
a pivotal role in the charge generation process during contact electrification [63,
106, 107]. To improve the surface topography and properties, different methods
have been used including lithography patterning [108, 109], plasma etching
[110-113], nanoparticle deposition [62], block polymer self-assembly [114,
115] and chemical treatment [47, 116]. All the aforementioned fabrication
methods and techniques are either expensive or can only be used for fabricating
small sized samples. Triboelectric nanogenerators hold huge potential for
commercial applications in the area of energy harvesting and sensing devices.
But scalability of the fabrication techniques still remains a critical issue for mass
production of triboelectric mechanism based devices. Moreover, scalability of
fabrication processes is also important in order to realize large scale energy
harvesters which can harvest mechanical energy from vehicles, human walking
and ocean waves.

In case of mechanical energy harvesters which utilize piezoelectric and
electromagnetic mechanism, the available fabrication techniques are not
suitable for large scale manufacturing of devices due to high complexity and
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scalability problems. Mechanical energy harvesting devices based on
triboelectric mechanism can potentially be manufactured in a scalable manner
due to wide choice of materials which can be used to realize triboelectric
mechanism based devices. In this chapter, we demonstrate a process flow for
fabrication of triboelectric nanogenerators by fabricating components using
large scale processing with high throughput. These components can then be
integrated together to realize large scale triboelectric nanogenerator (LS-
TENG). These LS-TENGs can be used for harvesting mechanical energy at a
larger scale e.g. harvesting energy from vehicle motion by embedding on the
roads, inside homes on the floor to harvest energy from human motion etc.
Furthermore, roll-to-roll process based fabrication has also been proposed and
demonstrated for fabricating large size pressure (force per unit area) sensor
arrays. Triboelectric mechanism based sensor arrays have earlier been
demonstrated for self-powered tracking systems [117], tactile imaging [53] and
displacement sensor systems [52]. These sensor arrays were fabricated by
assembly of individual triboelectric devices and/or use of wafer level fabrication
process for patterning the films. Assembly of individual triboelectric devices is
not suitable for scaling up of manufacturing process to fabricate large size
sensor arrays. On the other hand wafer level patterning of films can only be used
for fabrication of small sized arrays. Here, we demonstrate a sensor array using
large scale polymer films fabricated using roll-to-roll ultraviolet (UV)
embossing process [118]. We also demonstrate a process flow for facile
integration of these large scale polymer films into pressure sensor arrays.
Experiments were conducted to demonstrate practical applications of these

sensor arrays for self-powered motion tracking and posture monitoring. This
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work demonstrates scalable fabrication of TENGs and self-powered pressure
sensor arrays, which will lead to extremely low cost and bringing them closer

to commercial production.
5.2. Large scale energy harvesting using roll-to-roll
fabrication process

5.2.1. Fabrication process

UV embossing s
Unwinding module | Coating module module Rewinding module
Slot deposition Exhaust

o ] o, .0
09%00Weo0

PET film

UV lamp

Figure 5.1: Schematic of the fabrication setup for roll-to-roll UV embossing of
large size polymer films.

For LS-TENG, patterned polyethylene terephthalate (PET) film and copper film
are chosen as two triboelectric layers due to their relative tendency to attract and
donate electrons, respectively. Roll-to-roll UV embossing [118] was used for
the fabrication of patterned PET triboelectric layers. The schematic for setup for
roll-to-roll fabrication process is shown in Figure 5.1. The UV embossing
system consists of four modules that are: (1) unwinding unit for supplying
substrate film that is a blank PET film; (2) coating module for depositing UV
curable resin on PET film; (3) UV embossing module for patterning

microstructures on PET film and (4) rewinding module that provides a web
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tension for separating the embossed PET film from the embossing roller and
then rewinds for collecting the embossed PET film. UV curable resin was coated
on PET films using a slot die in the coating module and the coating thickness of
20~60 pum with thickness uniformity better than +/- 10% could be obtained.
Large area patterned PET film is fabricated via roll-to-roll UV embossing inside
UV embossing module with UV exposure. Figure 2a and b show images of the

actual fabrication setup.

Embossing PET film

roller Gilids
rollers
Backup Backup
roller

roller

UV lamp

Figure 5.2: (a) Photograph of the fabrication setup used for roll-to-roll UV
embossing. (b) Labeled photograph of the UV embossing module.
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5211 Fabrication of mold

Large area flexible molds for roll-to-roll UV embossing were fabricated
via patterning a thin photosensitive polyurethane sheet by means of designing
micro patterns, photolithography and development of the photosensitive
polyurethane sheet in a chemical solution. The embossing roller was 500 mm
long in axial direction with a diameter of 160 mm. The 1 mm thick patterned
polyurethane sheet was then attached on the embossing roller by using double-
sided adhesive tape. In order to obtain a roller mold with a seam as narrow as
possible, the length in circumferential of the polyurethane flexible mold needs
to cut precisely, taking into account of the thickness of double-side adhesive
tape and thickness of the mold itself. A photograph of the fabricated embossing

roller is shown in Figure 5.3.

Figure 5.3: A mold made of polyurethane-based photopolymer attached on
embossing roller.

5.2.1.2. Roll-to-Roll UV embossing of patterned PET films
PET film was pre-coated with a primer layer. The primer consisted of

functionalized a-olefin-containing copolymers and cross-linking agents to improve
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Figure 5.4: (a) Optical image of the line patterns of fabricated on PET film using
roll-to-roll UV embossing (b) Photograph of a large scale patterned PET sheet
fabricated using roll-to-roll UV embossing. (c) Schematic of LS-TENG.

the adhesion of coated UV sensitive resin layer during roll-to-roll UV
embossing process. PET film with a thickness of 125um was first slot die-
coated with a UV curable resin. The UV curable resin is a solvent-free acrylate-
based lacquer with viscosity of about 100 centipoise at 25°C. Thereafter the film
was embossed using the embossing roller fabricated as described in the previous
section. The UV lamp was irradiated directly from below the embossing-roller
to cure the UV curable resin after the resin flows and fully fills the cavities on
the mold. After the completion of coating, embossing and separation processes,
micro patterns on the mold are transferred onto PET film. Hence, patterned PET
film with micro patterns were obtained by means of roll-to-roll UV embossing.

An optical image of a patterned PET film with line patterns (line pitch: 500 pm)
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is shown in Figure 5.4a. A photograph of fabricated patterned PET film sample

is shown in Figure 5.4b.

5.2.1.3. Assembly of LS-TENG

The patterned PET films using the roll-to-roll UV embossing act as one of the
triboelectric layer in the large scale LS-TENG. A schematic of the assembled
LS-TENG is shown in Figure 5.4c. Patterned PET sheets were used to increase
the contact area between the triboelectric layers. For the second triboelectric
layer, an 18 um thick copper film was attached on top of 50 um thick liquid
crystal polymer (LCP) substrate. This film was fabricated by laminating the
copper film on LCP film. Thereafter 1 mm thick foam tape was used as spacer
and assembled on top of patterned PET film. The copper film was then
assembled on top of the spacers as shown in Figure 5.5. Copper film served
dual purpose of a triboelectric layer and electrode to collect charges using an
external load. Due to the large size of PET film, the film tends to sag down
permanently onto the copper electrode which hinders the contact separation
mechanism required for charge generation for mechanical energy harvesting.
Therefore it is important to have spacers at regular spacing between copper and
patterned PET triboelectric layer to help the large patterned polymer film
rebound back to its original position as the device is subjected to mechanical

force and released.

The same process was also used to fabricate transparent roll-to-roll based LS-
TENG. To fabricate transparent LS-TENG, commercially available PET coated

with indium tin oxide (ITO) film was also used and tested as second triboelectric
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layer. Figure 5.5a and b shows the photograph of the actual fabricated devices

using copper and 1TO as triboelectric layers respectively,

Printed PET film using
roll-to-roll UV embossing
process

Spacers attached to
the PET film

Copper film with LCP
is attached

Figure 5.5: (a) Detailed schematic for the assembly of LS-TENG using copper
as the second triboelectric layer. (b) LS-TENG using copper as triboelectric
layer. (c) LS-TENG using ITO as triboelectric layer.

5.2.2. Working mechanism
The schematic for operating mechanism of LS-TENG is shown in Figure
5.6. Initially, both the triboelectric layers, i.e. patterned PET film and copper
film are uncharged as depicted in the initial state in Figure 5.6. During the
device operation, the copper film was kept at bottom while patterned PET film

is at the top separated by spacers from copper film. As there is any mechanical
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force applied on the PET film due to activities like walking, palm tapping etc.,
the electrons are injected from the copper film into PET layer owing to copper’s
higher tendency to donate electrons relative to PET. The charges on the PET
film are preserved due to its insulating properties, whereas the charges on
conductive copper film can flow through the load resistor connected to the
ground as electric potential changes at the copper electrode. After the applied
force is released, the negative charges embedded on the PET film start
separating from the copper film. This results into an increase in the potential at
the copper electrode, leading to the flow of electrons from the reference ground
electrode towards the copper electrode. As the PET film separates due to the
stored elastic energy stored when applied with a mechanical force, it reaches a
maximum point of separation between the two triboelectric layers. At the
maximum separation point, there is no flow of electrons in the load resistor
connected between electrode and ground. Thereafter, the PET film starts
approaching towards the copper film leading to the flow of electrons in the load
resistor in opposite direction. This is equivalent of the one cycle of electricity

generation due to application of force on LS-TENG.

Initial state without any force

(i) Maximunm force applied I\

syplpidiien

(iv) Triboelectric layers approaching (ii) Triboelectric layers separating
3 I TR
I I

(ii) Maximum separation of layers

I, ——NN—)_
[l Copper B Polyethylene terephthalate

Figure 5.6: Working mechanism of LS-TENG.
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5.2.3. Effect of different embossed patterns

To study the effect of embossed patterns on the performance of
triboelectric mechanism, different samples were fabricated. We fabricated two
types of line patterns and three types of square shaped patterns. The topography
of these five patterns are shown in Figure 5.7a-e. The geometric parameters for
the line and square patterns are given in Table 1. As shown in the cross section
profiles in Figure 5.7a-e, side walls of embossed structures are not perfectly
vertical due to fabrication process limitation. Also, the top of the embossed
structure was observed to be curved instead of completely flat. This results in
reduction of effective area at the top of embossed structures as compared to the
base area of the embossed structures. At the same time, embossing of structures
is important as microstructured films results into improved performance of the
triboelectric performance. This is due to easier charge separation and enhanced
triboelectric effect exhibited by the patterned films as demonstrated by Fan et
al. These two effects work in contrast with each other affecting the performance
of TENG. The samples were tested using a mechanical stage to examine the
performance of different morphologies. The order of the performance of
different morphologies was observed as under:

L1<S1<L2<S2<S3

Amongst L1 and L2, the designed base area of the structures was same
but because of tapered shape of fabricated structures due to process limitation,
the effective contact area at the top was reduced for L1. This resulted in better
performance of L2 compared to L1 in spite of same base area of embossed
structures in both the cases. Amongst S1, S2 and S3, S1 was designed to have

minimum base area and was observed to have the least performance. S2 and S3
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Table 5.1: Geometrical parameters for different fabricated morphologies

Pattern Base length  Gap length Height
Line L1 250 250 ~45 um
patterns L2 500 500 ~45 um
Square S1 300 700 ~45 um
patterns S2 300 200 ~45 um
S3 600 400 ~45 um
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Figure 5.7: (a-e) 3-D morphology and cross section of different embossed
patterns. (f) Geometrical parameters of different embossed patterns. (g) Voltage
output generated by the different patterns under same force level.

were designed to have same base area but due to fabrication process limitation,

the S2 had a lesser top contact area as compared to S3. It was observed that S3

had a significantly better performance compared to S2 which is in accordance

with the results observed for L1 and L2.
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Figure 5.8: (a) Output voltage and (b) current generated by using LS-TENG
using copper as second triboelectric layer. (c) Dependence of peak-to-peak (Pk-
Pk) voltage and current on load resistance. (d) Output voltage and (e) current
generated by using LS-TENG using ITO as second triboelectric layer (f)
Dependence of peak-to-peak (Pk-Pk) voltage and current on load resistance.

5.2.4. Applications in energy harvesting
The energy harvesting characteristics were measured using palm tapping
on LS-TENG. The peak-to-peak output voltage was measured to be 350 V when
tapped using hand (Figure 5.8a) using copper and patterned PET film as a

triboelectric pair. The peak-to-peak short circuit current generated by LS-TENG
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was measured to be 20 A as shown in Figure 5.8b. To study the variation of
power transferred to a load resistor, LS-TENG was connected to different load
resistors. The peak voltage measured across the load resistor connected across
LS-TENG increases continuously as the value of load resistance increases as
shown in Figure 5.8c. On the other hand, the current flowing across the resistor
decreases as the value of load resistor decreases. The peak power density using
the active area used for energy generation, was measured to be 62.5 mW-m=,
Using ITO and patterned PET as a triboelectric pair, the peak-to-peak output
voltage and current generated were measured to be 310 V and 19.6 pA. The
peak power density from the device was measured to be 53.82 mW-m=2. The
optimum performance of Cu based LS-TENG was observed to be slightly better
than ITO based LS-TENG device.

The voltage and current output of LS-TENG were also tested at different
tapping frequencies from 1 Hz to 5 Hz. Both voltage and current output were
observed to increase as the frequency of applied force was increased as shown
in Figure 5.9a and b. The peak-to-peak voltage increased from 232 V to 486 V
as the frequency increased from 1 Hz to 5 Hz. The peak-to-peak current
increased from 7.2 pA to 21.2 YA as the frequency increased from 1 Hz to 5
Hz. The increase in voltage output with increased frequency can be explained
due to increased value of applied force as the tapping frequency increased. The
higher applied force led to increased contact area between the triboelectric
layers resulting in higher voltage output. The increase in the current output can
be explained by the combined effect of the increased force and the reduction of
the cycle time for the charges to flow in the external circuit as the tapping

frequency increased.
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To demonstrate the viability of LS-TENG in day-to-day applications, the
device was assembled at the back of an office chair as shown in Figure 5.10a.
The output was recorded as the subject sat on chair in three conditions: high
activity, low activity and no activity. A commercial 3-axis accelerometer
ADXL325 from Analog Devices, Inc. was assembled at the back of the chair to
observe the activity levels. The accelerometer data for 3 axes is shown in Figure

5.9b and c along with output voltage and current data. LS-TENG generated

300
(a) 1Hz 2 Hz 3Hz
200 - 2 Hz
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=
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[@)]
=§ 100 -
=
2004
3001
0 10 20 30 40 50
Time (s)
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Figure 5.9:(a) Voltage generated by LS-TENG at different frequencies. (b)
Current generated by LS-TENG at different frequencies.
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Figure 5.10: (a) LS-TENG assembled on the back of a chair. (b) Voltage signal
generated by LS-TENG by natural movement of a human working on computer.
The data below the voltage and current data were measured using an ADXL325
assembled at the back of chair. (d) Photographs of LEDs in OFF state and ON
state after being lighted up by mechanical energy harvested using hand tapping.

peak-to-peak voltage and current of up to 85 V and 0.75 YA, respectively in the
high activity region. During low activity, LS-TENG produced peak-to-peak
voltage and current of upto 35V and 0.3 PA, respectively. LS-TENG was also
used to light up nearly 90 commercial LEDs by directly connecting them to LS-

TENG subjected to hand tapping (Figure 5.10d).
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5.3.  Triboelectric pressure sensor arrays using roll-to-roll UV
embossed films

5.3.1. Fabrication and assembly

For the sensor array, square patterns were fabricated using roll-to-roll UV
embossing on the PET film in a 7 x 3 array using roll-to-roll process. We used
cover stock paper as a substrate to pattern electrodes of 2.5 cm x 3 cm using
aluminum foil. Both the components were used to keep the cost low for the
sensor array. PET sheet with 200 um were used as spacers between the patterned
PET film and aluminum electrodes to maintain the gap between the triboelectric
layers. Spacers were also used to separate all the pixels from each other to
minimize the cross-talking between pixels when the sensor array is subjected to
external force/pressure. Figure 5.11 shows a schematic diagram of the

force/pressure sensor array.

One pixel

P R

g T

. Patterned PET film . Alum_inum electrode

| Paper B Spacer

Figure 5.11: Schematic representation of the pressure sensor array.
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Figure 5.12: (a) Schematic diagram of the triboelectric pressure sensor array.
(b) Photograph of the fabricated large size pressure sensor array. (c) Data
acquisition setup for the sensor array.

5.3.2. Sensor array characterization

The fabricated sensor array can be used for motion tracking, tactile
sensing, posture monitoring and various other applications. A schematic of 7 x
3 sensor array is shown in Figure 5.12a. A photograph of the fabricated sensor

array is shown in Figure 5.12b. For the sensor array measurement, for every
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pixel, a load resistor of 10 MQ is connected between the aluminum electrode
and common ground. The output across these load resistors were measured
using individual channels of USB-6363 data acquisition (DAQ) board from
National Instruments. The output from 21 channels from USB-6363 was
acquired using Lab View to observe the individual output from every pixel (as
shown in Figure 5.12c).

The pixels were tested using a commercial force sensor for calibration.
The schematic for setup is shown in Figure 5.13a. As the pixel was stimulated
using difference levels of force, the signals were collected from both pixel
output and the force sensor. Time domain signals generated by the pixel and
force sensor were plotted on same time scale in Figure 5.13b as the force was
applied on the pixel. As the pixel is pressed, initially there is a negative peak
observed in the voltage signal generated across the load resistor as shown in
Figure 5.13b. As the force reaches a maximum value, the two triboelectric layers
are in contact and measured voltage across 10 MQ resistor reaches zero.
Thereafter, as the force is released, a positive peak is observed in the voltage
signal generated across the 10 MQ resistor. The peak-to-peak voltage generated
by the pixel are plotted for different values of force applied as shown in Figure
5.13c. The peak-to-peak voltage was observed to increase in a linear manner as
the force level applied to the pixel increases. The force sensitivity of the sensing
pixel was characterized to be 0.935 V N which was equivalent to pressure

sensitivity of 1.33 V kPa.
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Figure 5.13: (a) Force calibration setup for sensor array pixel using commercial
force sensor FSS1500NSB from Honeywell. (b) Time domain signal generated
by the pixel and the force sensor beneath the pixel. (c) Peak-to-peak voltage
generated by the pixel for different values of applied forces. Inset image shows
optical image of the micropillar structures fabricated on PET sheet.

5.3.3. Motion tracking and security applications

The sensor array was tested for motion tracking of a cylindrical object
rolling over the array. A cylindrical object with a diameter of 9.2 cm, width of
1.9 cm and weight of 30 gm, was rolled on a linear array of six pixels from P1
to P6 as shown in Figure 5.14. For each pixel, the time domain output voltage
signals are plotted. As the cylindrical object rolls over the sensors array, it leads

to contact between patterned PET film and the aluminum electrodes. This in

turn leads to a negative peak observed in the voltage signal generated by the
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pixel. As the object keeps rolling, a maximum peak force is reached and there
IS maximum contact between the patterned PET film and aluminum electrode.
As the object leaves the pixel and the triboelectric layers start separating from
each other, there is a positive peak observed. This mechanism leads to a voltage
signal generated, when the object rolls on top of the pixel. This is clear from the
graph in Figure 5.13, where the voltage pulse shifts to the right as the object
moved from pixel P1 to P6 and touches the pixels sequentially. The position
data was acquired using the time domain signal from every pixel as shown in
Figure 5.13. x; is the displacement of the object from the initial starting position
when it reaches the starting point of it" pixel (Figure 5.15). This data can then
be used to calculate the average velocity v,,, using following equation:

_Xiv1 T X (5.1)
Vav,i = At
l

where, v, ; is the average velocity of the object between P;_; and P;; and
At; is the time interval elapsed between P;_; and P;.
Similarly average acceleration a,,, ; can be calculated using the average

velocity values calculated using Equation (5.2):

_ Viy1 — U (5.2)
Aau,i = At
L

where, a,, ; is the average velocity of the object between P;_, and P;; and
At; is the time interval elapsed between P;_, and P;. Equations (5.1) and (5.3)
were used to calculate the average velocity and acceleration values as shown in

Table 5.2.
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Figure 5.14: Time domain output voltage signals generated by an array of 6
pixels as a cylindrical object is rolled over them. The pixels generate a signal as
the object contacts the pixel.
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Figure 5.15: Calculation of velocity and acceleration data as the sensor array is
used as a self-powered movement tracking system.
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Table 5.2: Calculated values of average velocity and average acceleration

Distance Time Average velocity Average
[cm] [s] [cm s acceleration

[cm s

Xo 0 3.10 0 -
X1 3.7 3.29 19.68 0.01
X2 7.4 3.43 26.43 0.02
X3 111 3.65 16.82 -0.02
X4 14.8 3.80 24.50 0.02
X5 18.5 3.98 20.11 -0.04

The sensor array pixels were also demonstrated to respond to very small
forces e.g. using the air blown from human mouth as shown in Figure 5.16.
These low cost and large scale sensor arrays can potentially be used for
movement tracking of objects with applications in security systems,

sports/athletic training and remote patient monitoring.

Air Air Air
151 Blow-1 Blow-2 Blow-3

o)

12 13 14 15 16
Time (s)

Figure 5.16: Output generated using blowing of air using human mouth on a
single pixel.
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5.3.4. Applications in posture tracking

The sensor array was also demonstrated for application in posture
monitoring. For experiments, the array was assembled at the back of a chair as
shown in Figure 5.17g. The sensor array pixels generated an electrical output
as the subject touches the pixels of sensor array. The heat map of the peak-to-
peak voltage generated by the pixels is shown in Figure 7a-e for different
positions of the subject. In position (a) the subject is not touching any pixels; as
the subject moves to position (b), the subject contacts the majority of pixels in
the lower half of sensor array (after row 3) that results in darker pixels in lower
half as compared to the upper half. Also, it can be observed that there is some
output observed in the pixels above row 3 as compared to the position (a). This
can be attributed to increase in the overall noise level and cross-talking between
pixels, as the PET film deforms when applied with a external force. In position
(c), the subject straightens the back and pressure is applied on whole array.
Thereafter, Figure 5.16d,e show the results as the subject tilts to right and left
respectively (as seen from subject’s position). The experiments demonstrate that
the sensor array can be used for applications like posture monitoring, sleep

pattern monitoring, walking pattern monitoring and electronic skin applications.
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Figure 5.17: Heat map of a 7 x 3 sensor array for different posture when array
assembled on back of chair. (a) Without touching the sensor array (b) partially
touching the sensor array pixels (c) completely touching the sensor array pixels
(d) leaning on right side of the subject (e) leaning on left side of the subject. (f)
Photograph of PET film fabricated using roll-to-roll fabrication process
assembled with spacers. (g) Sensor array assembled on the back of a chair.

128



Chapter-5

5.4. Summary

We have developed and demonstrated a process flow for large scale
fabrication triboelectric nanogenerators with high throughput. Roll-to-roll UV
embossing has been utilized to fabricate large size patterned polymer films to
realize triboelectric nanogenerators. LS-TENG generated a peak-to-peak
voltage and current of 350 V and 20 pA respectively. LS-TENG was
demonstrated to generate a power of 62.5 mW-m using palm tapping. Roll-to-
roll fabrication based process was also used to fabricate large size and low cost
pressure sensor array with a detection sensitivity of 1.33 V kPa. We also
conducted experiment using the sensor array for posture monitoring by
assembling the array at the back of chair. The fabricated large size sensor array
can be used in motion tracking, patient monitoring, posture monitoring and
electronic skin applications. This work is aimed at developing and
demonstrating scalable fabrication process for large scale production of
triboelectric nanogenerators and sensor arrays with high throughput and low

cost.
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6. Triboelectric mechanism for
bidirectional tactile sensing and

energy harvesting

6.1. Motivation

Triboelectric effect has been utilized to realize sensors for various
applications e.g. vibration sensing [83], chemical sensing [119-121] and tactile
sensing [53, 78, 79]. Tactile sensors can be used to sense various type of
physical interactions. Various tactile sensors have been proposed based on
capacitance [122, 123] and resistance [124, 125], piezoelectric effect [126] and
piezophotonic effect [127]. But majority of these sensors have an ability to sense
mechanical stimulations in normal direction but unable to sense the shear force
stimulations, which severely limits in their application in practical situations.
Therefore it becomes imperative to design sensors which can be used for multi
directional tactile sensing to gather richer information from the physical
interactions. In many of the applications in robotics and electronic skin, it is
essential to differentiate between the normal and sliding motion. In this chapter,
we propose a triboelectric mechanism based design that can be utilized for both
normal and shear tactile sensing. These devices can also be utilized for

multidirectional mechanical energy harvesting.
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6.2. Design and fabrication

6.2.1. Device configuration

To enable bidirectional sensing, the device should generate distinct
electrical signals for in-plane and out-of-plane stimulations. For
multidirectional tactile sensing using triboelectric effect, a device design is
proposed and fabricated as shown in Figure 6.1. The device comprises of two
parts: top and bottom. The top part consists Si substrates etched with through
holes. The bottom parts consists of PDMS micropillars which are assembled to

inserted through holes in Si substrate.

(a)

Bottom part

. Copper - PDMS . Spacer

Figure 6.1: (a) Schematic of the bidirectional triboelectric tactile sensing device.
(b) Flipped view of the device. The inset shows the pillar inserted inside the
holes.

The PDMS layer and the copper film coated Si substrate comes in contact
with each other when mechanical force is applied on the device. The difference

in direction of the applied force leads to different interaction between the top
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and bottom part. This difference in interaction leads to difference in electrical
signals generated from the device. This mechanism is explained in next section

in detail.

6.2.2. Working principle

The device has been designed to generate response for both normal and
shear force. The device works on the principle of generating surface charges
using triboelectric effect, when the triboelectric layers are put in contact with
each other due to external mechanical stimulation. The schematic for the
working mechanism of the bidirectional tactile sensor is shown in Figure 6.2.
The surface area of the PDMS layer can be divided in two parts: flat surface
area and surface area in the form of tapered pillars as shown in Figure 6.2a. The
inherent structure of the device results into difference in interaction between the
PDMS layer and Cu film, for different mechanical stimulation. This difference
in interaction can be used to understand the working principle of the proposed
device.

When normal force is applied on the top elastic PDMS film, it presses the
film towards the Cu film in the normal direction. This results in the deformation
of the PDMS layer and it comes in contact with Cu film in both flat area and
pillar area. This leads to generation of surface charge in the contacted regions
as shown in Figure 6.2b. In contrast, when the shear force is applied on the
PDMS film, the film undergoes shear deformation. PDMS pillars come in
contact with inner sidewalls of the etched holes. Due to the contact area between
PDMS pillars and Cu film on inner sidewalls, triboelectric surface charges are
generated as shown in Figure 6.2c. As these surface charges are generated due

to triboelectric effect, there is an electric potential Vn and Vs are created
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between the Cu electrode and ground when the triboelectric layers start
separating from each other. The difference in charge distribution in both the
cases when normal and shear forces are applied, leads to different electrical
responses. As the contact area in the case of normal force is significantly higher
compared to shear force application, the normal magnitude of V is expected to
be higher than Vs. Also the variation of Vn would be different from Vs
characteristics due to difference in mechanical characteristics during normal
and shear force application.

Flat contact area
(@) Pillar contact area

Charging under normal force

(c) s

R

<

Chargiag under shear force

Figure 6.2: (a) Two different types of contact areas labeled on the PDMS
triboelectric layer. (b) Surface charges generated due to triboelectric effect due
to out-of-plane/normal force. (c) Surface charges generated due to triboelectric
effect due to in-plane/shear force.
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6.2.3. Fabrication

The fabrication of device can be divided into the separate fabrication of
the top and bottom parts. Thereafter both the parts are assembled together for
the fabrication of complete device. The fabrication steps for the device are

explained as follows.

6.2.3.1. Bottom part fabrication

For the bottom part fabrication (Figure 6.3), 725 um thick Si wafer was
deposited with 2 um thick silicon dioxide (SiOz) using PECVD. The wafer was
then coated with photoresist and patterned using lithography. After developing
the patterns, the SiO> layer is etched away using the reactive ion etching (RIE).
The SiO; patterns acted as a hard mask. Then deep reactive ion etching (DRIE)
is used to etch away Si up to 400 pm. As the device are DRIE etched, the
sidewall angle is a tilted at an angle of nearly 83°. Thereafter, the photoresist
layer is stripped and SiO: is etched away. In the final step of creating through
holes, the samples are background up to 300 pm. An optical image of the
fabricated holes is shown in Figure 6.3b.
Then the samples are coated with 10 nm/100 nm thick Cr/Cu layer on both the
sides of the samples. Cr is coated to improve the adhesion between the Si
substrate and the electrode. As the sidewalls are tilted, it results into uniform
Cr/Cu layer on the inside of the holes. This was verified by the inspection of the
cross section of the holes under optical microscope as shown in Figure 6.4. As
the sidewalls are coated with Cr/Cu layer, both the top side and bottom side of
the Si substrate are electrically connected. The Cu layer on Si serves as a
triboelectric layer to generate surface charges and also an electrode to power the

external load connected to TENG.
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Figure 6.3: (a) Process flow for the fabrication of the bottom part. (b) Optical
image of through holes created in Si substrate.

PP DOD
LUULL

Cross section of the cavities
coated with metal

Figure 6.4: (a) Top view of the fabricated sample coated with Cu film. (b,c) The
cross section of the holes coated with Cu layer inside the holes.
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6.2.3.2. Top part fabrication

The top part comprises of the PDMS micropillars. For PDMS micropillar
fabrication, the Si samples with etched through holes are attached to a glass
slide. These Si chips attached to a glass slide were used as a mold to fabricate
high aspect ratio PDMS micropillar structures. 10:1 PDMS mixture was poured
on the sample and placed in a vacuum chamber to degas and let the PDMS enter
the holes. Thereafter, the PDMS is cured for 1 hour at 120° C. The PDMS pillars
are then peeled off from the mold. The fabrication steps are shown in Figure
6.5.

725 pm thick Si wafer

l
Yy Yy

Attach the chip on glass slide to be used
as a mold

Spin coat PDMS mixture on the mold
l Feel off

ITYve vl

Figure 6.5: (a) Process flow for the fabrication of top part. (b) Optical image of
the PDMS micropillars.

The SEM images of the fabricated PDMS pillars are shown in Figure 6.6.

As shown in the top view of PDMS pillars in Figure 6.6a, the diameters of the
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base of PDMS pillar and top of pillar are different. The top circle is smaller in
diameter as compared to the base circle. The shape of the PDMS pillar replicates
the tilted the sidewalls of the Si holes and thus results into circular conical
frustum shape as shown in the enlarged view in Figure 6.6¢. The frustum shape
of pillar is utilized during the assembly of top and bottom parts, as explained in

the next section.

Figure 6.6: SEM images of the fabricated PDMS pillars. (a) Top view. (b) 45°
view. (c) Enlarged view of the circular conical frustum shaped pillar to show
the tapered angle.

6.2.3.3. Assembly
For the assembly of device, 100 um spacers are cut out to create gap
between the top and bottom part as shown in Figure 6.7. As the pillars are

frustum shaped, the spacer between the top and bottom part also create a gap in
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both flat contact area and pillar contact area (Figure 6.2a). After placing the
spacers on bottom part, PDMS pillars are aligned with the etched holes under
an optical microscope using a manually controlled multi-axis stage. The optical
image during the alignment of pillars with holes is shown in Figure 6.8. Figure
6.8a shows the image of a misaligned pillar (yellow circle) relative to the hole
etched in Si (red circle). The holes are manually aligned together as shown in
Figure 6.8b. After alignment, the two parts are pressed together and fixed

together externally.

(a) (b)
etiiienee

Figure 6.7: (a) Exploded view of the device assembly. (b) Photograph of the
assembled device.

Figure 6.8: Images of the device during alignment under optical microscope. (a)
Misalignment of the PDMS pillars with Si etched holes. (b) Aligned PDMS
pillars with the Si etched holes.
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6.3. Experiments and discussion

6.3.1. Tactile sensing

As discussed in the working mechanism for the TENG, the designed structure
is responsive to the normal and shear force in different ways. The device was
tested for normal and sliding forces applied using human finger. For the testing,
the device was connected to an oscilloscope and the voltage signal was acquired
as the human finger interacted with the device. The results were processed using
a low pass filter of 20 Hz to remove the unwanted signal. The results due to
press and release (normal force) of the device using finger is shown in Figure
6.9a, b. As the device is pressed, it results into contact between the PDMS layer
and Cu film. The contact takes place in the flat contact area and also inside
etched holes to the sidewalls. This leads to generation of surface charges due to
triboelectric effect. The PDMS surface gets negatively charges whereas the Cu
film gets positively charged. As the normal force is released, the PDMS layer
starts separating from the Cu film and electric potential at the electrode starts
increasing. Thereafter, the PDMS layer again approaches the Cu film leading to
decrease in electric potential. This cycle leads to electric signal as measured at
the electrode. The peak voltage measured due to normal force was measured to
be 16 V. The voltage signal measured due to sliding in the in-plane a direction
and then sliding back, is shown in Figure 6.9¢c, d. The working mechanism in
the sliding mode is similar as the normal mode with the difference that only
pillar surface area comes in contact with Cu coated sidewalls due to lateral
relative motion. The peak voltage generated using in the sliding mode was
measured to be nearly 2 V. The voltage signal generated in the normal mode

was observed to be significantly higher than in the sliding mode. This can be
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explained due to significantly less contact area in the sliding mode as compared
to the normal mode. The peaks in the shear mode were observed to be broader
as compared to the normal mode. This was because all the PDMS pillars do not
come into contact with the respective sidewalls at the same time. Due to the
difference in timing of the pillars contact and separation, it leads to broader
peaks. The inherent difference in the electrical response to the normal and

sliding force to can be utilized to differentiate between interactions in tactile

sensing.
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Figure 6.9: (a, b) Voltage signal generated when normal force is applied on the
device. (c, d) Voltage signal generated by due to sliding or shear force on the
device.
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Figure 6.10: (a) Voltage and (b) current generated from the normal force applied
on the device. (c) Voltage and (d) current generated due to sliding force applied
on the device. (e) Full wave rectifier circuit used to store energy in a 1 pF
capacitor. (f) A red commercial LED lighted up using the energy stored in the

capacitor after 40 sec of normal force application on the device using a human
finger.

6.3.2. Energy harvesting applications
The device was designed for tactile sensing with an ability to differentiate

between the in-plane and out-of-plane physical interactions. But as the device
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is based on triboelectric mechanism and generates an electrical signal in
response to mechanical force applied, it can also be used to harvest mechanical
energy from force or pressure in different directions. One of the applications of
the small sized device can be in harvesting energy from typing motion on the
keyboards or pressing of switches. The peak voltage and current generated due
to the normal force application was measured to be ~90 V and ~0.57 pA
respectively, by typing motion of the finger. Through the sliding motion, the
peak voltage and current generated were measured to be ~5 V and ~0.08 pA,
respectively. The generated energy was stored in a 1 pF capacitor using a full
wave rectifier circuit as shown in Figure 6.10e. The capacitor was charged up
to 4 V using the typing motion of finger for about 40 sec. The energy was then
used to light up a red commercial LED as shown in Figure 6.10f. The power
output of the devices is limited due to the small size (1 cm x 1.2 cm of the
complete device) but proposed device design can also be used for scaled up

devices to improve the power output.
6.4. Summary

In this chapter, a novel mechanism based device was designed and
fabricated to for tactile sensing. The mechanism can be used to differentiate
between the mechanical interactions in the normal and sliding directions. The
device was also demonstrated to harvest mechanical energy from mechanical

force in multiple directions.
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7. Conclusion and recommendations

for future work

7.1. Conclusions

The objective of thesis was to explore the applications of triboelectric
effect based contact electrification for mechanical energy harvesting and self-
powered sensing. A cantilever based design was fabricated to harvest low-
frequency vibrations with wideband operating characteristics. The design was
also used to study the effect of surface topography on the performance of
TENG. Patterned layers were found to have better performance than
unpatterned triboelectric layers. It was found that introduction of air voids with
an optimum size was necessary to achieve optimum performance for TENG. It
was also concluded that the performance of the TENGs could be significantly
improved using smaller sized structures on the triboelectric layers.

To develop wearable energy harvesting design, human skin was proposed
and demonstrated as a potential triboelectric layer for biomechanical energy
harvesting. The design for triboelectric energy harvester was also developed
into a capacitance based sensor to accurately capture the finger movement. This
triboelectric nanogenerator integrated with sensor can be used for osteoarthritis
rehabilitation and advanced gesture input devices.

A novel device structure was proposed for triboelectric mechanism based

bidirectional tactile sensing and energy harvesting. These devices can
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potentially be used in keyboards and switches, which can harvest energy from
the keystrokes.

For large scale fabrication of triboelectric sensors and nanogenerators, a
scalable fabrication process was developed. The device used large sized
polymer films patterned using roll-to-roll UV embossing to improve the device
performance. The fabrication process flow was also used to develop a large size
pressure sensor array for applications in posture monitoring, security systems
and patient monitoring.

7.2. Future work

Any potentially viable technology/product goes through various stages of
development and iterations before it can be presented in a mature form so as to
impact the lives of people. The future research directions and tasks to improve
the triboelectric energy harvesting technology are proposed here:

7.2.1. High current output triboelectric nanogenerator

Triboelectric mechanism for energy harvesting and self-powered sensors
has come a long way after it was first proposed by Prof. Z. L. Wang in 2012.
Although the voltage and current output have improved by orders of magnitude
since then, low current output of triboelectric mechanism based devices still
remains one of the big challenges. The main reason for low current of
triboelectric devices is high impedance of triboelectric mechanism based
devices. The materials and device structures need to be optimized in future to
reduce the device impedance and improve the current output of nanogenerators.

7.2.2. Power management electronics
The power management circuit to condition the output of TENG is

another strategy to utilize the converted mechanical energy into electrical
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energy more efficiently. The high voltage and low current, output can be

converted to voltage suitably low for commercial electronic devices and high

current sufficient to power them.

7.2.3.

Contributions

This thesis has made significant contributions for the design, application

and potentially feasible process for large volume manufacturing of triboelectric

energy harvesting and self-powered sensors. These are listed below:

A study has been conducted about the effect of surface topography
on the performance of the triboelectric mechanism based devices.
This study is of significance to set the design rules for triboelectric
nanogenerators and self-powered sensors [106, 128].

Human skin has been proposed and demonstrated as a triboelectric
material for wearable TENGs. This research work is an important
step towards powering body wearable devices in future [129].

A novel sensing mechanism based on capacitance change between
human skin and device electrode, has been demonstrated for
detection of human activity [130].

A first time demonstration has been done for scalable fabrication
of TENGs. These fabrication steps have also been demonstrated
for the fabrication of large scale sensors arrays based on the
triboelectric mechanism. This work has contributed towards low
cost and high throughput production of energy harvesters and self-

powered sensors [131].

The complete list of publications led by the research conducted during the

PhD work is listed in Appendix B.
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Appendices

Appendix A: Modeling equations for finger movement using

joint angle and length between joint

Figure A.1: Demonstration of algorithm for human machine-interfacing
or advanced input methods. Schematic of finger to calculate the coordinates of
finger. Sensors are attached at Origin, P1 and P2 which can measure the angles.
I1, I and I3 are known parameters

Co-ordinates of the points:

Pl:x =1, cos(68,),y=1;sin(6,)

P2: x =1; cos(8,) — I, cos(8, + 0,) ,y =1, sin(6;) — [, sin(8, + 6,)

P3: x = l;cos(8,) —l,cos(0; +6,) +1l5cos(6; +6,+603), y =
I, sin(8,) — I, sin(6; + 6,) + l5sin(6;, + 0, + 63)

Variation ranges:

6, € [90°,180°]
6, € [60°,180°]

0 € [90°,180°]
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In the equations points P1, P2 are the points at joints and point P3 is the finger
tip. It is assumed the length between the finger joints Iy, |2 and I3 are constant.
The movement of the finger has been simulated in Video 1 for finger movement

using above equations and the data acquired from sensor for finger joint

Appendix B: List of publications

Journal papers:

1. Lokesh Dhakar, Sudeep Gudla, Xuechuan Shan, Zhiping Wang, Francis
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triboelectric nanogenerator and self-powered pressure sensor array using
low cost roll-to-roll UV embossing ”, submitted (under review).

2. Lokesh Dhakar, Prakash Pitchappa, Francis Eng Hock Tay, and Chengkuo
Lee, "An intelligent skin based self-powered finger motion sensor integrated
with triboelectric nanogenerator.” Nano Energy (2015), accepted.

3. Lokesh Dhakar, Francis Eng Hock Tay, and Chengkuo Lee, "Development
of a broadband triboelectric energy harvester with SU-8 micropillars.”
Journal of Microelectromechanical Systems, 24, no. 1 (2015): 91-99.

4. Lokesh Dhakar, Francis Eng Hock Tay, and Chengkuo Lee, "Investigation
of contact electrification based broadband energy harvesting mechanism
using elastic PDMS microstructures.” Journal of Micromechanics and
Microengineering, 24, no. 10 (2014): 104002. (Featured as highlight of
2014)
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