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dielectric-to-dielectric sliding-mode TENGs (a) charge, (b) current, (c) voltage, (d)
power, and (e) energy.

Fig. 5.1: Operating mechanism of rotary TENGs: (a) schematic view, where 6y and 0
represent the segment and rotation angles in radian, and N, 4, and o stand for grating
number, tribo spacing, and rotational speed, respectively, (b) initial physical contact
of dielectrics, (c) separation of dielectric films, (d) rotation outwards, (e) full
separation of segments, and (f) rotation towards the adjacent segment. (Note: Figures
(b-f) show the cross-sectional profile of one segment of a rotary TENGs.)

Fig. 5.2: SEM images of the surface (a) before and (b) after contact rotation for
10,000 cycles, (c) photograph of the device, (d) driving serially connected LEDs,
and (e) the output power of rotary TENGs after undergoing some cycles.

Fig. 5.3: Flow chart of the proposed algorithm for characterizing the contact-mode
TENGsS.

Fig. 5.4: Comparison of results obtained for (a) current and (b) voltage with those of
Ref. [177] with inner and outer radii of 5 mm and 50 mm, grating number of 4,
triboelectric layers thickness of 100 um and tribo spacing h of zero.

Fig. 5.5. Temporal response of the current for a whole rotation.

Fig. 5.6: Comparison of the simulation results with our experimental results (a)
temporal response of the current for R=1 GCQ, (b) temporal response of the voltage
for R=1 GQ, (c) maximum obtained current, and (d) maximum obtained voltage.
The geometry parameters are r1=5 mm, =50 mm, N=4, di=d>=250 um, and h=0.
Fig. 5.7: Dependence of TENG outputs on the resistor and (a) angular velocity, (b)
tribosurface spacing, and (c) number of gratings. Dot points represent the
experimental data obtained in this study with ri=5 mm, =50 mm, di=d,=250 pm,

angular velocity of 100, 300, 500 and 700 rpm, h of 0, 0.5 and 1 mm, and N of 2 and
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4, respectively.

Fig. 5.8: Sensitivity analysis of TENG’s generated power with (a) resistance vs
different N, (b) angular velocity, (c) resistance vs different w, (d) number of
gratings, (e) resistance vs different /4, and (f) tribo-surface spacing.

Fig. 5.9: Convergence study of the proposed algorithm.

Fig. 5.10: Results of optimized average power output and resistors for different V.
Fig. 5.11: Impacts of the grating number on electrical outputs of rotary NTEGs: (a)
charge, (b) current, (¢) voltage, and (d) power.

Fig. 5.12: Distribution of the optimized load resistance and average power output
with o.

Fig. 5.13: Effects of angular velocity on electrical outputs of rotary TENGs: (a)
charge, (b) current, (¢) voltage, and (d) power.

Fig. 5.14: Optimized curves for variation of tribo spacing, h (r1=5 mm, r»=50 mm,
N=4 and d;=d>=250 um).

Fig. 5.15: Impacts of tribo spacing of rotary TENGs on (a) charge, (b) current, (c)
voltage, and (d) power with geometry parameters of r1=5 mm, r»=50 mm, N=4, and

d1=d>=250 pm.
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Summary

This thesis deals with advanced energy harvesting approaches including piezoelectric-based
energy harvesters and triboelectric nanogenerators (TENGs). As a traditional strategy,
piezoelectric materials have extensively been used in many energy harvesting systems. Since
piezoelectric and pyroelectric materials respond excellently to pressure and temperature
variations, pressure-based piezoelectric energy harvesters are designed in the current study.
The cylindrical and spherical geometries were considered, and the patterns of field variables
were graphically drawn. It was demonstrated that the harvested energy can goes up by 74%
with a proper design.

Next, the study was shifted on the most modern method for powering electronics in
micro/nano scales. TENGs have been proposed as an effective approach to harvest
mechanical energy from various sources in the ambient environment. TENGs have a wide
range of applications in sensors, biomedical, defense technology, environmental monitoring,
and personal electronics. This thesis deals with in-plane sliding and contact-separation
configurations to scavenge mechanical energy. A high-output and lightweight sliding-mode
TENG was designed to improve the efficiency of the TENGs system. The TENGs output was
numerically simulated with the help of analytical methods and optimization theories. A great
match between the experiment data and simulation results was reported. The sliding-mode
TENG successfully generated a peak voltage and current of 150 V and 0.9 pA respectively.
The new design was found to harvest 3.65 mJ at each cycle where the weight is almost 43 g.
Meanwhile, a sensitivity analysis was showed that the resistor, contact area and thickness of
dielectric film are respectively the most important design parameters in the sliding-mode
TENG. Because of the prevalence of rotation in the environment, the rotary TENGs were
fabricated and simulated to harvest the maximum accessible energy. The device can work in

fully contact mode as well as the non-contact mode. Through the rotation, measurement

xXxil



showed a peak of 30 V and 0.6 pA, respectively. It was demonstrated that the spacing,
grating number and angular velocity can significantly affect the TENG’ performance. A
general algorithm was introduced to achieve the best performance for the rotary system with
appropriate values for design parameters. It was concluded that the optimized TENGs can

scavenge almost 0.369 mJ at each cycle.
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Chapter 1

Introduction

1.1 Motivation
Obviously, today’s life is highly dependent on the electrical energy. Humans have

increasingly been surrounded by personal electronics, for example, mobile phones, personal

computers, medical electrical equipment (e.g. heart rate monitor, biosensors, etc), industrial
electronic parts (e.g. sensors, actuators, etc), and so on. Miniaturization of electronics is
driving this trend forward. Evidently as the use of electronic devices grows, the technical
challenge of powering these devices is imposed. Traditionally, battery has been used to
wirelessly power electronics. However, its limitation in charge storage, and its disposal after
lifetime remain a critical challenge.

To meet the above-mentioned problems, energy scavenging was introduced in this era.
Energy scavenging means the procedure in which other versions of energy for like solar
power, thermal energy, vibration, etc are skilfully converted into the electrical energy to run
low-consumed energy electronics. Solar energy is very common in energy harvesting
strategies, but it depends on some parameters such as weather, time, and location. The
thermal based energy harvesters are still low efficient, and highly depend on the hot and cold
temperatures. Most of the mechanical energy, in specific pressure, friction and vibration
energy, can be easily captured and converted to electrical energy. Therefore, the focus of
many researches was on improving the self-powering technology to present self-powered
microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS)

operating wirelessly and independently without the use of any energy suppliers.



1.2 Mechanical energy harvesting strategies

Mechanical energy is ubiquitously available in our surrounding. This type of energy can be a
result of human activity (walking, hand movements, heart beating, blood flow, speaking, etc),
environmental phenomena (wind power, wave energy, etc), and human-made inventions
(vibration of tires, vibration of household appliances e.g. washing machine, etc). To harvest
mechanical energy, traditionally, there are three main energy scavenging approaches
including: electromagnetic, electrostatic and piezoelectric energy conversion principles.

Electromagnetic energy harvesters operate based on Faraday’s law. This type of energy
harvester is only practical in large-scale energy production [1]. Electrostatic-based energy
harvesters work on the charge transfer procedure between two parallel plates. Any change in
the gap will lead to the flow of charges. Comparing to other energy harvesters, the output is
very low, and another external voltage resource is required, then this technique is not popular
in particular for wireless MEMS/NEMS. As the third version, piezoelectric energy harvesters
are the most popular mechanism working on the ground of the property of materials known
as piezoelectricity. Some common piezoelectric materials are lead zirconate titanate (PZT),
zinc oxide (ZnO) and aluminum nitride (AIN). The bottlenecking matters of piezoelectric
energy harvesters are fabrication complexity and the cost of materials.

A new sub-division is triboelectric-based energy harvesters. This type operates based on
the charge generation during the electrification process. The advent of triboelectric
nanogenerators (TENGs) has radically revolutionized energy harvesting approaches due to its
unique merits. Firstly, TENGs use organic materials, which were already considered as waste
materials for electricity generation. The second advantage is that TENGs are producing
sustainable power output for wireless electronics. Furthermore, TENGs require a highly
simple fabrication process in comparison with other energy harvesters. More details on

working mechanism are mentioned in the next chapters.



1.3 Organization of thesis

This thesis deals with advanced energy harvesting approaches including piezoelectric and
triboelectric based energy harvesters. For commercializing any technology, it is of the great
importance to be low cost and high efficiency. In fact, the amount of scavenged energy is a
function of various parameters. The current study first explains the working mechanism of
the TENGs in different configurations. Next, it recognizes the key factors affecting the output
of energy harvesters, then attempts to attribute proper values to the design parameters, aiming
at maximizing the harvested power. The designed products have various applications where
there is no power supplier. The organization of this thesis is described below.

In Chapter 2, a comprehensive literature review is presented to show the background of all
four energy harvesting methods. Since the focus of the current study is development of the
piezoelectric and triboelectric energy harvesters, more details are explained for the
piezoelectric and triboelectric mechanisms.

Because piezoelectric reflects a high sensitivity to pressure, pressure-based piezoelectric
energy harvesters are designed to increase the harvested energy. Chapter 3 deals with design
process of cylindrical and spherical shells made of piezoelectric materials for energy
harvesting purposes. The application is highly wide from a small scale (such as stents in
blood vessels) up to a large scale (such as pressure vessels). The chapter is based on
publications of in “Thermal analysis and electro-elastic response of multilayered spherical
vessels, International Journal of Pressure Vessels and Piping, 171 (2019) 194-206” and
“Durable pyroelectric shell structures for energy scavenging applications, Acta Mechanica
231 (2020) 205-220".

In Chapter 4, a high output and lightweight sliding-mode TENG is developed. The
theoretical study is conducted to predict behavior of TENGs under different working

conditions. With the help of artificial intelligence, a new design is presented to increase the



harvested energy at each cycle of the movement. The chapter comes from the publication of
“Simulation of high-output and lightweight sliding-mode triboelectric nanogenerators, Nano
energy 66 (2019) 104115

Rotation is another prevalent type of mechanical energy. Chapter 5 explores rotary
TENGs. The governing mathematics is derived, and output power is introduced as a function
of angular velocity, grating number and spacing. The optimum design for disk-shaped
TENGs is presented; meanwhile, experimental setup is also fabricated. The chapter is based
on the publication of “Artificial intelligence enhanced mathematical modeling on rotary
triboelectric nanogenerators under various kinematic and geometric conditions, Nano energy
75 (2020) 104993”.

Chapter 6 summarizes the thesis with key findings and developments on piezoelectric and
triboelectric based energy harvesters. This chapter also proposes some further works which
help to understand triboelectric effect in other configurations and develop more efficient

TENGs.


http://dx.doi.org/10.1007/978-981-10-3815-0_7

Chapter 2

Energy harvesting mechanisms

2.1 Background

Converting mechanical energy into electrical form is the most applicable strategy to charge
and drive electronics wirelessly. In this chapter, a comprehensive literature review is
presented for possible energy harvesting approaches to understand their working mechanism
and significance of the current study. Generally, energy scavenging strategies was divided
into four main categories including piezoelectric energy harvesters, electromagnetic-based
energy harvesters, electrostatic energy harvesters and triboelectric-based energy harvesters.
First, an in-depth description will be presented on the working mechanisms of the first three
approaches, and their previously developed devices are reviewed. Next, the chapter shifts to
the last sub-division, TENGs. In this case, more details on different mechanisms, materials
candidates, and fabrication techniques are presented. A review also is conducted to show the
applicability of TENGs in various applications e.g. vibration based TENGs, wind and water

based TENGs, biomechanical TENGs, and the area of sensors.

2.2 Energy Harvesting Strategies

2.2.1 Piezoelectric Energy Harvesters

Properties of the smart materials can be changed by external motivations such as pressure,
humidity, pH and magnetic field. Piezoelectric materials are one of the most favorable
options in smart systems. These smart systems operate based on the property of material
known as piezoelectricity. Piezoelectrics can provide electric voltage while tolerate

mechanical loads, and can supply the system with deflections, if we apply electric excitation.



Piezoelectric materials have much great attractiveness because of its simple structure, light
weight and high ability in control aims. These materials can be divided into two main
categories: piezoceramics and piezopolymers. Most of piezoceramics are a combination of
lead zirconate titanate (PZT), which their properties are dependent on ratio of zirconate to
titanat. The most prevalent piezopolymer is polyvinylidene fluoride (PVDF). In fact, PZT has
high stiffness, resulting in suitable ability in actuating aims, and PVDF has high damping
ability; thus, we can use PVDF as sensor. When we apply mechanical motivations like
pressure, piezoelectics produce electric potential; this phenomenon refers to direct
piezoelectric effect. Vice versa, by applying electric charge in piezoelectics, system will
experience some deflections; this ability is inverse piezoelectric effect. Fig. 2.1 shows

piezoelectric effects.

Fig. 2.1: Piezoelectric effects. (a) piezoelectric material free of any electric charge or
mechanical pressure, (b) and (c) represent direct piezoelectric effect, (d) and (e) depict
inverse piezoelectric effect, and (f) exhibits this fact that if we apply AC signal, material will

vibrate.
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2.2.1.1 Cantilever beam energy harvester

The most traditional piezoelectric energy harvester is that of the cantilever beam
configuration [2, 3], depicted in Fig. 2.2. The piezoelectric beam is fixed on the one side
while is free to vibrate on the other side. When the cantilever experiences vibration, it will go
under compression and tension periodically. Hence, some voltage will be generated on
electrodes. The mass at the tip increases the amplitude of the vibration, resulting in higher

voltage.

Fig. 2.2: Cantilever-based piezoelectric energy harvester; S is strain, V stands for voltage, M

shows the mass [3].

An electronically connected array of thin piezoelectric films were proposed for low
frequency energy harvesting purposes by Liu et al. [4]. A schematic illustration is depicted in
Fig. 2.3. The study showed the series and parallel deliver the same level of the output power.

However, the required optimum resistance is less in case of electrically parallel connection.
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Fig. 2.3: (a) Top view of the piezoelectric energy scavenger, (b) side illustration of the

design, and (c) generated voltage versus various frequencies [4].

Many studies attempted to modify the characteristics of the piezoelectric cantilevered
beam energy harvesters by means of finite element analysis [5], optimization theories [6],

strain distribution extension [7], innovative shapes [8, 9], etc.

2.2.1.2 Wearable energy harvester

Different parts of human body can produce mechanical energy, depicted in Fig. 2.4. Then,
merging the human motion and nanogenerators introduces an important research discipline.
Wearable nanogenerators are one of the most promising approaches to generate some

micro/nano scale amount of power which can be used to run mobile electronics.
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Sleeping monitoring Smart floor

One of the most interesting applications is that of the wearable piezoelectric energy
harvester [11]. Fig. 2.3 depicts the configuration. The produced energy is limited, but the
presented device still benefits low power applications (for example, radio-frequency

identification tag).

Fig. 2.5: Shoe-based piezoelectric energy harvester [11].

Later the energy conversion was improved through different studies. By designing a

curved geometry [12], testing various durable piezoelectrics [13], and optimizing the



electrical characteristics [14], more efficient piezoelectric shoes have been presented.
Furthermore, piezoelectric nanogenerators can generate power based on human motion.
Guido [15] presented the idea of piezoelectric flexible skin generating some power by finger
motion, depicted in Fig. 2.6. the results were verified by finite element method, and a peak-

to-peak voltage of 0.7 V was reported.

(a) ()

Fig. 2.6: (a) The fabricated device, and (b) undergoing the finger motion [15].

In the recent years, many attempts were dedicated to introduce skin-conformability
piezoelectric nanogenerators for human motion monitoring; some are summarized as
embedding BaTiO3 particles into Ecoflex matrix [16], using onion skin as piezoelectric

material [17], design a coaxial piezoelectric fibre [18].

2.2.1.3 Nanowire energy harvester

Generally, zinc oxide (ZnO) offers some merits to be used in energy harvesting purposes: (i)
It 1s a biocompatible element and keeps the chance to be utilized in biomedical electronics
[19]; (i1) It possesses both piezoelectric and semiconducting properties [20]; and (iii) It can be
in various configurations such as nanowires (NWs), nanorings, nanobelts, and nanobows [21-

24]. These advantages introduce ZnO arrays as a potential candidate to be grown on a

10



substrate and convert low frequency vibration into electricity. Wang and Song showed that an
array of ZnO NWs can generate some power [25]. A schematic of the configuration was
depicted in Fig. 2.7. The working mechanism is based on bending a ZnO nanowire with the
atomic force microscopy’s tip. The introduced energy harvester has capability to be
embedded in implantable biomedical electronics, remote sensors, and portable electronic

devices for new self-powering nanotechnology.

Fig. 2.7: ZnO based energy harvester (a) SEM of aligned ZnO nanowires, (b) TEM of ZnO

nanowires, and (¢) experimental setup [25].

In order to increase the output power, Lee et al. [26] fabricated a flexible piezoelectric
nanogenerator by coating aluminum (Al) foil with polymethyl methacrylate (PMMA) layer
before the growth of ZnO NWs, as shown in Fig. 2.8. The presented device generated a

voltage and current of 50 mV and 200 nA, respectively.
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Fig. 2.8: Flexible piezoelectric nanogenerator: (a) scheme of the flexible nanogenerator (NG)
base on ultrathin aluminium foil, (b) view of the flexible NG, and (c¢) SEM image of cross

section of the NG [26].

Many researches attempted to improve the efficiency of NWs via hybridizing the
piezoelectric NWs with other energy scavengers [27, 28], employing materials with better

piezoelectric properties [29-31], and developing the structure [32].

2.2.1.4 Biomedical energy harvesters

Recent advancement in MEMS and NEMS highlighted the applications of implantable
medical electronics. As diagnostic tools, these devices can monitor the heart rate, blood
pressure and temperature. The following figure depicts some sources of mechanical energy in

human body and its possible applications.
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Fig. 2.9: Energy harvesting from human biologics [33].

Dong et al. [34] integrated porous piezoelectric films with a pacemaker, extending the
lifetime of the device up to 1.5 years. Fig. 2.10 shows the helical configuration for the
piezoelectric design, delivering an output voltage of 0.65 V. The simulation results found in a

good agreement with those of the experimental data.
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Fig. 2.10: Schematic view of helical piezoelectric energy scavenger, (b) sublayers of the

device, and (c) SEM of cross section of the sandwich layers [34].
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Zhang et al. [35] fabricated piezoelectric energy scavenger working based on pulsating of
the ascending aorta, as shown in Fig. 2.11. Vivo study demonstrates a maximum voltage and
current of 1.5 V and 300 nA with a heartbeat of 120 bpm. The piezoelectric generator
circularly wrapped around the ascending aorta, reducing the risk of stroke, expansion of

aorta, and blocking blood flow.
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Fig. 2.11: (a) Fabricated piezoelectric nanogenerator, and (b) wrapping the device around the

aorta [35].

A piezoelectric nanogenerator was fabricated to scavenge the power from bovine lung and
diaphragm by Dagdeviren et al. [36], as shown in Fig. 2.12. The harvested voltage from lung
and diaphragm reached 4 and 2 V respectively. The study showed the applicability of the

piezoelectric energy harvesters from motion of internal organs.
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Fig. 2.12: (a) Mounting the energy harvester on bovine lung, (b) on diaphragm, (c) generated

voltage from lung, and (d) from diaphragm [36].

The above-mentioned introduction shows some applications of piezoelectric energy
harvesters. However, from technological point of view, this field face some bottlenecking
challenges. Limited choice of materials, low current output along with complex fabrication

process remain problems.

2.2.2 Electromagnetic Energy Harvesters

Electromagnetic energy harvesters operate based on the Faraday’s law [37]. This law
describes the interaction between a magnetic field and an electric circuit. Most electrical
motors and generators work on this basic principle. A schematic view of electromagnetic
energy harvester is shown in Fig. 2.13. This type of energy harvesters utilizes the relative
motion between the coil and magnet to generate some electric power. The amount of
scavenged power depends on the number of coil turns, resistor, and the electromagnetic

damping. The size of these parameters can significantly affect the extracted electricity. In

15



fact, shrinking the device leads to low magnetic fields and subsequently the generated current

in the coil decreases.

wnm

Fig. 2.13: Schematic of the prototype [38].

Electromagnetic energy harvesters are a sustainable candidate in large-scale energy
harvesting systems. However, recently some plans have been also presented in small-scale
systems. As a pioneer, Williams et al. [39] fabricated a small-sized electromagnetic energy
harvester consisted of samarium-cobalt permanent magnet and planar gold coils. The device
successfully produced 0.3 uW. Kulkarni et al. [40] developed electromagnetic
microgenerators with the help of integrating polarized NdFeB between two electroplated
copper coils. Fig. 2.14 shows a schematic view of the prototype. With an acceleration of

8.829 m/s?, the presented design generated a power of 586 nW when resistor was 110 Q.
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Fig. 2.14: Illustrating a schematic view of the prototype [40].

Donelan et al. [41] developed a cost-effective biomechanical energy harvester producing
some electricity during human walking. The working mechanism is depicted in Fig. 2.15. The
device mounted at the knee assists deceleration of the joint. The design can produce an output
power of 5 W on each leg. One of the most promising application lies at prosthetic knees and

ankles to help disabled people with walking.
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Fig. 2.15: Generating electricity during human walking [41].
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With combination of multiple magnetic circuits and serpentine coil, a flat micro energy
harvester, in millimeter scale, was fabricated by Cepnik and Wallrabe [42]. Fig. 2.16 shows
the harvester generating an average power of 12 uW. The design improved the generated

power via increasing the flux gradient and maximizing the copper filling factor.

spring
back iron \ "

back iron rim

ground plate

Fig. 2.16: Design of micro energy harvester [42].

Lee et al. [43] theoretically and experimental designed a standard AA size micro energy
transducer. The device, shown in Fig. 2.17, was integrated with a power-management circuit.
The generator consists of a spring mass system which uses laser-micromachined copper

springs to convert vibration into output power.
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Fig. 2.17: (a) Inner section of the generator, and (b) AA size micro power generator

(Copyright © 2003 IEEE) [43].
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Briefly, electromagnetic energy harvesters are suitable choices for large-scale electricity
production. But in micro and nanoscale, the size of structure, i.e. coil and magnet, is a

bottlenecking problem.

2.2.3 Electrostatic Energy Harvesters
Electrostatic energy harvesters harness the mechanical energy done against the electrostatic
force of a variable parallel capacitor. In other words, any vibration from the environment
generates some electricity due to variation of capacitance of the parallel plate capacitor. The
electrostatic energy harvesters can be fabricated in various configurations, as depicted in Fig.
2.18. The mechanism of all possible configurations is based on the motion of the central mass
in respect to the substrate.

The most irritating problem with this type of energy harvesters is the fact that always an
external motivation is needed to initiate the setup. One candidate can be the usage of an
external voltage supplier. Another option is using electrets to generate a potential difference

between plates.
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Fig. 2.18: Various mechanical designs for electrostatic energy harvesters [44].
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In order to develop the capacitance of the traditional electrostatic energy harvesters,
Hoffmann et al. [45] presented the triangular electrode structures, as shown in Fig. 2.19. This
configuration for electrodes has two main merits. First, it provides a higher capacitance value.
Furthermore, the presented design produces a nonlinear frequency response which is useful
for broadband vibrations. Experimentally a 20 pF capacitor was charged to feed a

transmission module.

Fig. 2.19: View of the design including the triangular electrode elements and the direction of

motion [45].

Tsutsumino et al. [46] used CYTOP as electret, and developed micro electric generators,
as shown in Fig. 2.20. Because of the variation in the overlapping region, some charges move
in the external circuit. In the setup, a spring is used to increase the amplitude of the
oscillations. An output power of 37.7 mW and a voltage of 150 V during vibrations was

reported.
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Fig. 2.20: Schematic drawing of (a) micro electret generator, and (b) working mechanism of

electret generator (Copyright © 2006 IEEE) [46].

A rotary comb electrostatic energy harvester, depicted in Fig. 2.21, was presented by Yang
et al. [47]. The energy harvester includes fixed and movable combs, ladder springs, and
centric mass. When undergoing the vibration, the movable combs will engage inside the fixed
combs from one side (i.e., side A), while moving away from another side (i.e., side B). this
movement changes the capacitance and results in charge transfer between electrodes. The
device converts low frequency planar vibrations from the ambient environment into an output

power of 0.35 uW at matched resistors.

anchors

Fig. 2.21: Illustration of different parts of the electrostatic energy harvester [47].
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The ambient environment offers a wide range of frequencies. Traditionally, the
conventional energy harvesters are linearly designed. To meet the non-ideal cases, Nguyen
and Halvorsen [48] suggested the usage of nonlinear springs for vibration energy harvesters,
as shown in Fig. 2.22. They successfully harvested an average output power of 180 nW at an
acceleration of 0.488 g. It was concluded that the nonlinear spring delivers more power

comparing to the linear spring.

Linear

====@--=- Nonlinear
Transducer 1

Spring force [N]

(ii)

Fig. 2.22: Application of nonlinear springs for energy scavenging: (i) schematic view of the
final design, (ii) impacts of nonlinearity on the spring force, and (iii) the electrostatic energy

harvester connected to a nonlinear spring [48].

To summarize, because of some restrictions, electrostatic energy harvesters are not in the
top priority for energy harvesting purposes. The first limitation is the low generated power
output. Furthermore, for launching the system, the system relies on the external power

supplier.
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2.2.4 Triboelectric Energy Harvesting

Triboelectrification, as the procedure of transferring small-scale static electricity charges
generated by friction contact between dissimilar films, has frequently been considered as an
approach for accumulating energy from organic materials. During the contact, the
triboelectrification phenomenon leaves some charges with opposite polarities on each
surface. Those triboelectric charges can be generated between nearly any arbitrary pair of
materials, encompassing semiconductors, conductors such as metals, and insulators such as
non-ionic materials.

Triboelectric energy harvesters, as the most advanced technology for harvesting the
electrical energy in micro/nano scales, work based on the triboelectrification principle. Some
models in the literature have described contact electrification in detail [49-52]. Matsusaka at
al. [51] explained the electron transfer during the metal-metal contact by utilizing the work
functions (¢; and ¢>) and thermodynamic equilibrium law, as schematically drawn in Fig.

2.23.
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Fig. 2.23: Work functions of different metals: (a) before contact, and (b) after contact [51].

In their model, the transferred charge was expressed as the product of the potential
difference and the capacitance between the two metals. When two different materials become
into the physical contact, some charges with opposite sign are left on their surfaces. This

phenomenon is because different metals and dielectric materials show different tendencies in
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electron absorption or donation. This tendency can be categorized in a specific order known

as triboelectric series [53, 54], as shown in Fig. 2.24.
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Fig. 2.24: Triboelectric series [53, 54].

When materials from the top and bottom of the triboelectric series are become into
contact, the top elements will get some positive charges. Fig. 2.24 demonstrates which
material gets positive or negative charges. Furthermore, more distance between the positive
and negative materials in the triboelectric series leads to higher value of surface charge
density generated during the physical contact. Generally, triboelectric nanogenerators are

categorized into two classes: in-plane sliding mechanism or in short as sliding mechanism
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and out-of-plane contact-separation mechanism, shortly known as contact-separation
mechanism. In the following sections, the working mechanism of both configurations are
described.

Recently some attempts have been dedicated to unravelling fundamental working
principle of nanogenerators. It was found that the output of nanogenerators can be described
within Maxwell's displacement current [55]. Maxwell's displacement current is composed of
two terms, 1.e. (J=eoOE/0t+0P/0t). The first part (€00E/0t) explains electromagnetic wave and
the theory of light. Its application goes through radar, radio, and more importantly wireless
communication. The second term (0P/ot) refers to polarization of media. This component is
the base for introduction of nanogenerators, capacitors, self-powered sensors, and all new
energy technologies. Then, the electric current of TENGs can be scrutinized by this term.
Another theoretical development for nanogenerator was adding a new term (Ps) into the
displacement vector [56]. This term contributes to electrostatic charges generating in
triboelectricity and piezoelectricity. Considering this non-electric term, new formulation was
driven to explain dynamics of nanogenerators. The new theoretical platform can extend
Maxwell's theory in case of energy and sensors.

Many works have been presented to figure out contact-electrification phenomenon.
However, a general platform to unravel charge transfer mechanism, particularly in case of
metal-polymer and polymer-polymer, was still lack. Recently, electron-cloud-potential-well
model proposed by Wang can explain the contact-electrification in all materials [57]. The
suggested theory assume that the electron clouds are composed of localized electrons in
specific atoms and molecules. Before contacting of dielectric materials, electrons cannot
transfer since they are stuck in potential well, as shown in Fig. 2.25a. When materials become
into touch, electron cloud hop from atom of the first material to atom of the second material,

depicted in Fig. 2.25b. At lower temperatures, when materials are separated, most transferred
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electrons are kept in the second material because these electrons face energy barrier to go
back to the first material. Here, first material gets negative charges while the second one gets
positive charges, as shown in Fig. 2.25¢c. As temperature increases, electrons can easily hop
out of potential well, and go back to the original place or emit to air, illustrated in Fig. 2.25d.
It should be pointed out that the proposed model introduces electron transfer as the dominant

process in charge transfer.

Fig. 2.25: Schematic of electron-cloud-potential-well model, (a) before contact, (b) in

contact, (c) after contact, and (d) charge release from the atom at elevated temperatures [57].

Later. the model was extended into liquid-solid and liquid-gas conditions [58, 59]. To
analyze charge transfer in the liquid-solid case, a two-step process was proposed. Initially,
molecules in liquid have electron cloud overlap with atoms in solid. After that, ion transfer is
the next step and the dominant process. In the liquid-gas state, gas molecules strike the liquid

surface and make the electron cloud under pressure.
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2.2.4.1 Sliding-mode TENGs

The sliding-mode mechanism of TENGs is schematically drawn in Fig. 2.26. Based on the
contact charge and electrostatic induction, the theory of this type of TENGs is explained.
First, some key points should be taken into consideration: (i) Dielectric substrates have
different tendencies to accept or donate electrons, which, in its turn, lead to the aggregation of
the net negative charges on the first layer (i.e., polytetrafluoroethylene (PTFE)) and the net
positive charges on another part (i.e., polyamide (Nylon 66)); (ii) It is vitally important to
consider that charges will remain on the contact region of triboelectric films due to the
insulation properties of the polymers; and (iii) The generated positive and negative charges
have the same density.

In the first half cycle of the sliding, two initially distinct dielectric films are in physical
contact, as shown in Fig. 2.26a. In the fully overlapping position, the electric potential
difference between the top and bottom electrode films is approximately negligible because
the charges are formed at the surface of polymers. Therefore, as depicted in Fig. 2.26b, when
the top substrate moves outward in relative to the bottom counterpart, the contact area of
contact between the two polymers gradually decreases; hence, the opposite charges are
separated, and a flow occurs between electrodes. The current continues as the outward sliding
proceeds until both dielectrics are fully separated. This step leads to the aggregation of
induced positive and negative charges on each electrode. Current output is measured by the
relative sliding rate of the two films. The reverse procedure is depicted in Fig. 2.26d. Once
top dielectric layer begins to slide inward, the charges that had appeared on the surface of the
electrodes revert, due to the electrostatic equilibrium law. Thus, the flow is reversed, from the

second to the first electrode, until the two surfaces completely overlap, i.e. Fig. 2.26a [60].
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Fig. 2.26: Mechanism of the sliding-mode TENGs. (a-d) form a loop and the iteration of the

loop generates electrical power [60].

2.2.4.2 Contact-Separation TENGs

Here, a brief description is given on mechanism of the contact-mode TENGs. Fig. 2.27 shows
a schematic process of the contact-mode TENGs. The mechanism of this type of TENGs is
similar to electrostatic energy harvesters. However, unlike to electrostatic energy harvesters
which require to an external power supplier, the system is initialized through the
electrification process. Initially, an external mechanical force is required to bring the top
dielectric film on the bottom layer (Fig. 2.27a). As mentioned, when polymer substrates are
in physical touch, the triboelectric effect will leave some positive charges on the first surface,
while accumulating the absolute negative charges on the second layer, and only the surface of
each dielectric film meets the generated positive and negative charges which have the same
density. As soon as the top surface begins to separate in the direction normal, some electrons
relocate from the top electrode to the bottom one, as shown in Fig. 2.27b. The more distance

between two dielectrics, the more produced current. Generally, the value of the produced
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current depends on different parameters including the contact area, thickness of the
dielectrics, material of dielectric layers, and resistance load. When two dielectric films fully
separate, the electron flow will stop. Fig 2.27c shows the maximum position of the top
dielectric at separation procedure, corresponding to the maximum expected charge. As the
top film starts coming back to its initial position (drawn in Fig. 2.27d), the current is reversed,

and will be zero when two dielectric films are brought into a full contact, as depicted in Fig.

2.27a.
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Fig. 2.27: Operating mechanism of the contact-mode TENGs.

2.3 Possible Applications of TENGs

Wang’s research group at Georgia Institute of Technology, US is predominantly the
precursor of the TENGs technology. At first, they presented the experimental and theoretical
study of sliding-mode TENGs [61]. Nylon 66 and PTFE was used as dielectric layers and set
up an experiment to find the pattern of voltage and current for sliding-based TENGs.
Furthermore, they firstly introduced out-of-plane TENGs consisted of Al and Kapton as thin

dielectric films [62]. The voltage-current response of TENG highlighted the ability of this
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type of TENGs to be used in wireless MEMS/NEMS. In the following sections, a review is

presented to reflect applications of the TENG system in the ambient environment.

2.3.1 Biomechanical Energy Harvesters

Energy harvesting from human motion and human biologics is highly interesting.
Biomechanical energy has attracted attention of researchers to develop devices generating
electricity from daily activities. The produced power is sustainable enough to drive watches,
smartphones, wearable sensors, and implantable medical devices. External body movement,
such as hand and foot motions, is a rich source for low-power generation aims. For harvesting
vibration form human walking, Yang et al. [63] designed robust TENGs possessing rhombic
gridding structures. Fig. 2.28 shows a schematic drawing and real application of the design.
The fabricated TENGs working based on both contact-separation and sliding mode concepts
was successfully implemented into a backpack to charge a mobile phone. The suggested
paradigm considerably enhanced the output voltage and current outputs because of the

application of multiplied rhombic gridding cells.

<S¢

N

¢

Fig. 2.28: Rhombic TENGs, (a) schematic view of the geometry, and (b) implementation of

TENGsS in a backpack [63].
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In order to harvest mechanical energy, Bai et al. [64] fabricated flexible integrated
TENGs. The proposed structure is depicted in Fig. 2.29. To increase the output power, the
design has a multilayered zigzag structure. The TENGs was attached onto a shoe pad and
commercial LEDs were successfully lighted up. A short circuit current (/) and the open

circuit voltage (Voc) of 0.66 mA and 215 V was reported.

T Kapton {§§ PTFE B Aluminum

(a)

Fig. 2.29: Multilayered TENGs for scavenging energy from human motions, (a) schematic

view, (b) bent TENG with finger, and (c¢) generated power during normal walking [64].

Besides the external body movement, as electronics progresses, implementation of devices
and sensor in human and animal body is more prevalent for remote monitoring of patients,
aiding organs etc. Human biologics periodically produces renewable source of energy in
terms of heart beating [36, 65], breathing [66], lungs [67], and legs [68]. Zheng et al. [69]
utilized vivo vibrations in breathing and drove a pacemaker. Fig. 2.30 shows the device. A
pyramid patterned was selected for PDMS and Al as dielectric films to increase the output
power. A power density of 8.44 mW/m? was reported. This study demonstrates the

sustainability of TENGs towards implantable self-powered medical devices.
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Fig. 2.30: TENG system for harvesting breathing energy, (a) and (b) the attached TENGs to

live rat's diaphragm, and (c) enlarged photograph of the TENGs [69].

A triboelectric based pacemaker was fabricated and embedded in Pig’s body by Ouyang et
al. [70], as shown in Fig. 2.31. Corona discharge technology was used to increase the surface
charge density on the contacting area. Biocompatibility and stability of the device was
demonstrated through fatigue test and water penetration test. An in vivo open circuit voltage

and short circuit current of ~65.2 V and 0.5 pA was measured.

(0) g

(b)

(o)

Fig. 2.31: (a) Working mechanism of the proposed TENG, (b) in vivo application of TENG,

and (c) measured in vivo voltage [70].

32



2.3.2 Wind Based Energy Harvesters

Wind power as a ubiquitous and natural power source has been broadly utilized in large scale
energy harvester systems. Wind energy turbines are the most well-established energy
harvesters used to produce bulk amount of output power. However, complex setup and
extravagant costs are the most challenges in the field. Recently, it was demonstrated that
TENGs have the capability of power generation at the small scale from wind energy. The
generated power can be used to drive some electronics and wireless sensors. Xie et al. [71]
presented a rotary TENG to harvest wind energy. As shown in Fig. 2.32, the prototype
includes a cup to convert wind power into rotational energy. Then, the produced rotational
energy makes physical contact between PTFE and Al as triboelectric layers. At a wind speed
of 15 m/s, the open circuit voltage, short circuit current and power density reach 250 V, 0.25

mA, and 39 W/m? respectively.
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Fig. 2.32: Rotary TENGs for harvesting wind power [71].

A robust rotary TENG is presented by Zhu et al. [72] to harvest wind energy. The
geometry, shown in Fig. 2.33, encompasses a rotator and stator consisted of fluorinated
ethylene propylene (FEP) and copper as dielectric materials. The working mechanism is
based on relative rotation between rotor and stator, leading to electron flow between

electrodes. At a rotation of 1000 rpm, a globe light and 20 spotlights were driven. An output
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power of 1.5 W was generated, and the device can effectively convert mechanical energy

from wind power, tap water flow and normal body movement.
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Fig. 2.33: High output rotary TENGs, (a) rotator, (b) stator, (c) lighting LEDs up, and (d)

lighting up a globe [72].

Chen et al. [73] presented self-powered air cleaning system working based on sulfur
dioxide (SO>) and dust removal, as shown in Fig. 2.34. The system generates some electrical
power from wind energy by means of a rotating TENG consisted of Kapton, copper and a
grating structure for electrodes. The proposed air cleaner collects dust particles in air and
oxidizes SO> without any byproduct. One potential application of such a device is for haze-

fog environments.
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Fig. 2.34: TENGs for air cleaning, (a) view of the design, (b) principle for SO> removal, and

(c) removal based on electrostatics [73].

Bae et al. [74] presented a flexible wind based triboelectric generator which uses flutter
motion to scavenge wind energy. As Fig. 2.35 shows, a gold coated woven fabric was used to
fabricate the triboelectric film. The flag periodically moves (similar to pendulum motion),
and touches the plate, eventuating a flow of electrons between electrodes. With dimensions of
7.5 cmx5.0 cm at wind speed of 15 m/s, the TENG generated an output voltage, current and

average power density of 200 V, 60 pA and 0.86 mW respectively.
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Counter plate

Fig. 2.35: Schematic drawing of wind tunnel and the structural design of a flutter-driven

TENGs [74].

2.3.3 Water Based Energy Harvesters

Water energy is a renewable and clean type of energy which can be found in many locations.
Many researchers have attempted to generate electricity from water energy. In order to
harvest the water energy, Lin et al. [75] presented a new generation of TENG with
interdigitative electrodes producing multiple electric outputs. Fig. 2.36 depicts different parts
of the TENG and its working principle. A copper rod coated with polyurethane (PU)
forwardly and backwardly roles on a PTFE layer covered with nine pairs of interdigitative
electrodes. The surfaces of the PU and PTFE films are fabricated as porous structures and
nanowire arrays, which provide an advantages of large contact area and efficient separation.

A power density of 1.1 W/m? was obtained through one water wave impact.
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Fig. 2.36: (a) Schematic drawing of the proposed TENG, (b) and (¢c) SEM images of

dielectric materials, and (d) working mechanism of the TENG [75].

Chen et al. [76] introduced a network design of TENGs to convert random wave energy
into electricity, as shown in Fig. 2.37. The TENGs consists of Al and PFTE as dielectric
materials coated with Cu as electrodes. The Al film was fixed at the middle, while two PTFE
counterparts undergo periodic contact-separation movements. The proposed plan floated on
the water surface and demonstrated the ability to produce large scale electricity. Based on the
measured output of a single TENG, the TENG is expected to give an average power output of

1.15 MW from a 1 km? surface area.

Fig. 2.37: Large scale electricity generation by TENG, (a) illustration of the TENG, (b)

fabricated TENG, and (c) SEM images of PTFE and aluminum electrode [76].
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For water wave energy harvesting, Liang et al. [77] introduced a transparent TENGs,
depicted in Fig. 2.38. A glass substrate was chosen to guarantee transparency. PTFE is one
dielectric material, and water here is another part. Becoming into physical contact, water will
charge positively, while PTFE getting charged negatively. Based on the single electrode
mechanism, the current will be appeared between electrode and the ground. A power density
of 11.56 mW/m? was reported. This type of TENG can be integrated with silicon based solar

cell, building glass, and car glass to use the energy of water flow.

Glass FTO PTFE

Fig. 2.38: Photograph of the proposed TENG, (a) schematic drawing, (b) SEM image of
cross section of the TENG, (c) AFM image of PTFE layer, and (d) contact angle of the PTFE

film [77].

Initially, TENGs were introduced to take the advantage of contact between two solid
surfaces to generate some power. Another possibility is using water as a dielectric
counterpart. Lin et al. [78] presented water based TENGs operating based on the contact
electrification between PDMS and water (Fig. 2.39). During the contact, water was positively

charged while PDMS got negative charges. Deionized water, tap water, and 0.6 M sodium
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chloride were chosen as liquid dielectric layer. It was demonstrated that the deionized water
delivers better performance than others, an open circuit voltage of 52 V, a short circuit

current density of 2.45 mA/m? and a peak power density of nearly 0.13 W/m? were reported.

PMMA substrate
Cu thin film

PDMS pyramid array
Water

Cu thin film
PMMA substrate

(a) (b)

Fig. 2.39: Water based TENG, (a) schematic, and (b) generating power [78].

2.3.4 Wearable Energy Harvesters

Wearable energy scavengers harvest energy from human daily activities. Fabric based
nanogenerators have been the focus of some research. Yang et al. [79] presented stretchable
TENGs working at compressive as well as the stretching mode, as shown in Fig. 2.40. The
device was made of two single-electron TENGs. PDMS substrates coated with copper as
electrodes physically contacted with a wavy Kapton, resulted in a flow of electron between
electrodes and the ground. The wavy structure for Kapton film was obtained by high-
temperature annealing process. The designed TENG generated an open circuit voltage of 700

V, a short-circuit current of 75 pA, and a power density of 5 W/m?.
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Fig. 2.40: Stretchable wavy-TENG, (a) fabricated design, and (b) applications on human

hand and neck [79].

A high-output foldable wearable TENG was reported by Seung et al. [80], as shown in
Fig. 2.41. The electricity generation relies on relative contact-separation movement of Ag-
coated textile and nanopatterned PDMS structure on a textile. When Ag-coated textile
touches the PDMS-based textile, some electrons flow from the Ag-coated textile to PDMS-
based textile. Separating from each other, electrons moves to Ag-coated textile electrode.
This contact-separation generates AC current. During measurement, a voltage and current of

approximately 120 V and 65 pA were collected.

.......... <l Ag coated textile
|

Fig. 2.41: Design of foldable TENG, (a) schematic of the wearable TENG, and (b) operation

of a remote control [80].
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Kim et al. [81] weaved fibers made of PDMS tubes and Al wires and introduced fabric-
structured TENGs, depicted in Fig. 2.42. These fibers present high aspect ratio nanotextured
properties resulted in stretchable and high output energy harvesters. The study showed that
the internment of Al radius and PDMS tube radius leads to a high electric power. Sustainable

voltage and current of 40 V and 210 pA were obtained.
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Fig. 2.42: Illustrations of stretchable fabrics for TENGs [81]

2.3.5 Self-powered Sensors

Sensors are being vastly used in various engineering circle to detect any change in properties
such as force, pressure, vibration, etc. Sensors usually need external power suppliers to run. It
is desirable for wireless nanosystems to be self-powered. This concept was first proposed by
Wang in 2006 [25, 82]. The aligned ZnO nanowires were deflected when touched by an
atomic force microscope tip. When nanowires bend, the piezoelectric and semiconducting

properties of ZnO results in electrical current. The working principle is depicted in Fig. 2.43.
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Fig. 2.43: The working principle of ZnO-based piezoelectric nanogenerator [25]

Next, a self-powered wireless transmitter was designed to demonstrate the adaptability
and mobility of self-powered nanosensors [83]. A diagram of the self-powered system is
depicted in Fig. 2.44. The system includes a nanogenerator, capacitor, and wireless
transmitter. An external signal was detected by a phototransistor as a sensor. Then, the
detected electric signal was wirelessly transmitted by a radio frequency transmitter. This

work proved the applicability of self-powered systems for long distance data transmission.
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Fig. 2.44: (a) Illustration of the self-powered system, and (b) detected electric signal [83].
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For further development of self-powered sensors, Wang’s research group designed a self-
powered environmental sensor for Hg?" detection purposes, shown in Fig. 2.45 [84]. The
proposed system includes ZnO nanowire-based nanogenerator, capacitor, and Hg** sensor. A
flexible Kapton substrate was employed to enhance the number of contacting nanowires and
Au electrodes. The sensor was composed of single-walled carbon nanotube networks. When
mercury ions approached the networks, a current flow appears in the circuit, and LED will be

lit up.

b T g
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Fig. 2.45: (a) Fabrication of ZnO nanowires on flexible Kapton substrate, and (b) circuit

diagram, and (c) detection results [84].

Since 2006, some other distinguished works have also been presented to develop
application of self-powered systems, particularly emerge of vertically and laterally aligned
ZnO nanowires-based nanogenerators [85, 86], self-powered patterned electrochromic
supercapacitor [87], cantilevered-based self-powered sensors [88, 89], and flexible self-
powered sensors [90-92].

As already mentioned, triboelectric mechanisms produce some electrical output when

undergoing mechanical excitations. These structures can be considered as self-powered
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sensors. Zhu et al. [93] designed a flexible triboelectric sensor generating a signal while
coming into a physical touch. In fabrication process, FEP is the triboelectric film, and indium
tin oxide (ITO) films play the role of electrode. When an object touches the TENG, FEP
negatively is charged (Since FEP is at bottom of the triboelectric series) and the object gets
some positive charges. After separation, the remained negative charges on the FEP makes an
electric field between the top and bottom electrodes. Fig. 2.46 shows some applications of the
proposed sensor. The proposed TENG sensor showed a high-pressure sensitivity of 44 mV/Pa

in response to a low-pressure region (<0.15 KPa).
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Fig. 2.46: The output and some applications of tactile triboelectric sensor [93].

Yang et al. [94] fabricated a skin based TENG sensor for touch pad applications. The
working mechanism is based on the touch of human skin with a pyramid-surface PDMS
connected to ITO films as electrode. As Fig. 2.47 shows, the device is highly flexible and
transparent. The pressure and location of the touch can be estimated, opening a new horizon
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in human-machinery applications. The sensitivity of the device is almost 0.29 V/kPa, with a

generated power density of 500 mW/m?>.

Fig. 2.47: Self-powered skin based TENGs, (a) fabricated design, (b) SEM of PDMS surface,

and (c) and (d) touch pad applications of the sensor [94].

Another rich research area for TENG devices is detection of chemical changes. Li et al.
[95] presented a novel self-powered sensor for phenol detection and electrochemical
degradation. The device, shown in Fig. 2.48, uses titanium dioxide (TiO2) nanowires and
PTFE as triboelectric layers. B-cyclodextrin molecules were injected onto the TiO> film to
enhance the triboelectrification process. To be specific, the surface charge density increases
via some charge transfer from B-cyclodextrin to TiO». As a result, with a concentration of 80
uM of B-cyclodextrin, the open circuit voltage and short circuit current surged by ten and six

times, respectively. When TiO, and PTFE are become into physical contact, positive and
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negative charges appear on TiO> and PTFE respectively. Then, cyclical contact and
separation will result in AC current through an external resistance. To investigate the phenol
detection, different concentrations of phenol were dropped on TiO, surface, leading to a
decrease in the voltage and current with increment of phenol concentration. The proposed

device showed a detection sensitivity of 0.01 uM™!.
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Fig. 2.48: (a) Schematic of the TENG sensor, (b) SEM of TiO, nanowires, and (c) fabricated

TENG [95].

Lin et al. [96] presented triboelectric sensors for the detection of mercury (Hg*") ions
which are non-biodegradable and highly dangerous for human body. As depicted in Fig. 2.49,
the TENG operating in contact-separation mode is composed of PDMS and Au films as
triboelectric layers. 3-mercaptopropionic acid (3-MPA) was assembled onto Au nanoparticles
as recognition element. Various concentrations of Hg?* were dropped on Au film, then the
TENG device was operated. While having Hg?>" on Au film, the surface current density
decreases from 63 to 8 pA/cm? When detecting Hg?" ions, the TENG cannot light up any
LEDs. The device demonstrated a high-power density of 6.9 mW/cm?, and the fabricated

sensor has excellent potential for the detection of Hg?" ions in the environment.
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Fig. 2.49: Triboelectric based sensors for detection of Hg?" ions [96].

The self-powered sensors for cardiovascular system characterization and voice detection
were presented by Yang et al. [97], as shown in Fig. 2.50. The structure is simple and cost-
effective since PTFE and Nylon were used as dielectric materials, and a thin film of ITO as
electrode. When external force is applied on the PFTE surface, it gets physical contact with
the Nylon film, resulting in charge transfer in the ITO film. The device was embedded on
human body to measure arterial pulse and reflection of carotid artery. The sensor has the

capability to be used in human health assessment and biometric authentication.
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Fig. 2.50: Active sensors for human health assessment, (a) drawing of TENG sensor, and (b)

application of sensor in human neck, chest and wrist [97].

Wu et al. [98] fabricated self-powered sensors for angular measurement using

triboelectrification phenomenon (Fig. 2.51). The TENG mechanism has the single-electrode
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configuration, encompassing a rotor rotating on a stator which is connected to copper film as
electrode. It was demonstrated that the sensor generates a maximum open circuit voltage of

60 V.
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Fig. 2.51: Self-powered triboelectric sensor for angel monitoring, (a) illustration of the
TENG device, (b) rotator, (c) stator, (d) SEM image of PTFE, and (¢) SEM image of Cu film

[98].

2.4 Optimization techniques

Optimization is obviously one of the most critical ingredients of intelligent systems. As a
mathematical approach, optimization theory is a platform seeking for the “best” solution in
the problem’s search space. In an engineering circle, optimization provides algorithms to
meet well-structured problems in conjunction with the analysis of those algorithms. Firstly,
problems are required to be scrutinized in terms of variables, objective function, and
constraints. Then, based on the provided information, the problem can be treated as
constrained or unconstrained optimizations. In unconstrained problems, the best solutions for
objective function are found without any constraints. However, in unconstrained cases,

solutions are sought on the search space restricted by some inequality constraints. Generally
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computational optimization techniques can be mainly summarized into classes: iterative

methods and heuristics. The recent advancement on these methods are reviewed here.

2.4.1 Iterative methods

Iterative optimization approaches utilize an initial guess to deliver an optimum in finite
number of steps. The most popular methods are Newton's method, Ellipsoid method,
Interpolation method, Interior-point method and coordinate descent [99, 100]. Because of
some bottlenecking issues, including low rate convergency, requiring solving a large system
of equations at each step, and no guarantee on a converge solution, these classic methods are
not popular in advanced engineering problems. Besides the iterative solutions, heuristics are

employed to recognize the local and global optimum within the pre-defined search space.

2.4.2 Heuristics
Heuristics is an efficient substitute to optimize engineering problems where classic methods

fail to deliver the optimum. The most popular ones are reviewed here.

2.4.2.1 Differential evolution

Differential evolution (DE) is an evolutionary algorithm suits for non-differentiable, non-
continuous, and non-linear optimization problems. This method works based on the mutation,
recombination, and selection [101]. The algorithm has been developed to solve various
engineering problems, but not limited to: presenting a multi-view version of differential
evolution to solve engineering problems [102], developing an adaptive relaxation of
constraints [103], adapting differential evaluation for managing flexibility in capacity
planning for engineering systems [104], presenting high convergent rate of differential

evolution for non-linear chemical processes [105]. Although DE presented some merits into
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optimization theories, it still suffers from issues like non-linear separable functions [106] and

getting stuck in local optimum regions [107].

2.4.2.2 Artificial bee colony

Artificial bee colony (ABC) algorithm was proposed by inspiring from social behavior of
honeybee swarm. In this method, three different of bees, namely employed bees, onlookers
and scouts, work together to deliver the best solution [108, 109]. This algorithm has met
some structural optimization problems, encompassing: improving generated power of
photovoltaic systems [110], maximizing the power generation of hybrid photovoltaic-wind
systems [111], marine dynamic positioning system [112], energy management for industrial
mobile devices [113], enhancing the fatigue life of alloys [114], image processing aims [115],
optimize the fuel cost and emission in power systems [116], and so on. Although the ABC
algorithm shows a very good exploration, its exploitation is still insufficient [117, 118].
Moreover, getting stuck into a local optimum region and also slow convergence rate is

another issue [119].

2.4.2.3 Genetic algorithm

Genetic algorithm (GA) was inspired by theory of natural evolution. Three main principles
include: (i) selection rules to choose the individuals as parents to generate next generation,
(i1) Crossover rules to combine parents, and (ii1) Mutation rules to make some changes in
parents. Here, the next generations are produced by selecting the fittest agents through
crossover and mutation process [120, 121]. This algorithm has successfully met many
engineering problems such as: optimizing a torque arm [122], analyzing control systems
[123], fixing transportation problems [124], minimizing energy consumption in warehouses
[125], etc. It should be noticed that GA cannot meet some optimization categories. The first
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issue is that of the GA-deceptive functions [126], leading to unsuitable chromosomes. The
second prevalent problem is genetic drift [127]. It often occurs when attributing small
population to GA, making GA falling into local optimization regions. Other unfavorable

problems are no guarantee on response time and performance of individuals [128, 129].

2.4.2.4 Particle swarm optimization

Particle swarm optimization (PSO) is a population-based optimization strategy inspired by
behavior of social animals such as flocks of birds. It guesses a solution in the search space,
and based on the governing mathematics, it iteratively attempts to converge towards the
global best [130-132]. Over the last decade, researchers have implemented this approach to
optimize the wind turbine [133], enhance the energy efficiency for tissue paper mill [134],
improve heating ventilating and air-conditioning systems [135], develop micro-grid power
systems [136], improve renewable energy penetration from wind and solar power sources
[137], etc. Comparing to traditional optimizers, PSO has been gaining a wide attention in
optimization purposes due to (i) bright robustness and applicability, (ii) excellent distribution
ability, (ii1) rapid convergency rate, and (iv) adaptability to hybridize with other algorithms

[138, 139].

2.4.2.5 Grey wolf method

Grey wolf (GW) is a recently-established optimization algorithm motivated by hunting
mechanism of grey wolf [140]. For simulation purpose, four agents including alpha, beta,
delta and omega are engaged in searching for prey, encircling prey, and attacking prey. The
algorithm was tested on 29 different functions, presenting better performance comparing to
other optimizer approaches [140]. Some engineering optimization cases were also analysed

by the GW method. Taking advantages of the GW method, Shilaja and Arunprasath
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optimized the power loss of renewable energy systems working based wind and solar sources
[141]. Lara-Montano and Gomez-Castroa [142] conducted a study to find optimized
characteristics for a heat exchanger, offering the minimum cost for heat energy transmission
systems. Miao and Hossain [143] presented an efficient numerical platform working based on
the GW method and introduced the optimum location and size of the micro-grid storage
system. The optimality system was derived for hybrid power generation to minimize the costs
by Yahiaoui et al. [144]. Comparing to other traditional strategies, the total costs has been
significantly reduced by attributing a proper value to the number of PV panels. Various
studies demonstrated the superiority of the GW method over other metaheuristic algorithms

in terms of local optima avoidance, accuracy, and convergence [140, 145-147].

2.5 Significance of the research
Form the above-mentioned introduction, piezoelectric and triboelectric based energy
harvesters are the most efficient strategy for supplying electrical energy for electronic
components. Electricity generation based on the triboelectric effects is a green and renewable
pathway generating sufficiently power output for wireless micro/nano electronic devices. The
theories regarding the working mechanism have been extensively explored, though the urgent
need for improving the characteristics of energy harvesters still lacks. The main effort of the
current research is “How different strategies can be applied in order to improve
sustainability and efficiency of the current energy harvesters?”. To meet this problem, at
first, mechanisms of piezoelectric and triboelectric generators are fully recognized. Then, the
active parameters affecting the output response are determined. These parameters range from
geometry issue to inherent characteristics.

In case of piezoelectric energy harvesters, an effort is dedicated to scrutinizing how

material properties synthesize new smart systems exhibiting higher levels of electrical energy
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while possessing considerably lower weight. To achieve such an aim, it is assumed that the
material properties of the piezoelectric medium would be graded through the thickness and
the mechanical, electrical, and thermal fields would have their own independent gradient
indexes. If we nominate the grading indexes as design variables, the material elements of the
solid should be appropriately functionalized, avoiding any problems stemming from the low
electrical outputs of shell structures in energy-harvesting applications.

Moreover, the output power of TENG system is highly dependent on the electrification
process and its characteristics. The material of dielectrics considerably affects the surface
charge density generated on the surface. As it was mentioned, highly positive and negative
selection from triboelectric series results in higher surface charge density. The choice of
materials depends on the availability of materials, application, fabrication restrictions and
cost. In addition, geometry of the TENGs is another dominant parameter affecting the
efficiency and output power. The geometry includes the type of the configuration, the
thickness of the dielectric films, and the contact area. The kinematics of the motion of the
TENGs, i.e., acceleration and speed rates, is the next crucial factor. Usually, the higher rate of
motion, the higher harvested energy. The last design step is that of the electrical
specifications of the TENGs which needs to be scrutinized in order to scavenge the maximum
electrical power.

As already mentioned, Wang’s research group, at Georgia Institute of Technology, is the
pioneer and the most productive place for fabricating the TENG devices, resulted in many
patents and innovations in biomedical devices, wearable electronics, water/wind based energy
harvesters, and self-powered sensors. A review on his publications shows they have being
focused on experimental studies on the TENG devices. Undeniably, experimentally
investigation on different materials, working conditions, electrical specification, and

geometry parameters is time-consuming and needs different experimental setups. To fill the
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gap, simulation and optimization approaches can be employed to predict the TENGs’ output
and introduce the optimized values for TEMGs’ characteristics.

For simulation purposes, merged algorithms of advanced optimization schemes with
mathematical solvers are presented to discover all possible search space. Analysing the active
parameters under such advanced platform leads to promising nanogenerators producing
higher level of power output for micro/nano electronic devices. The concept discussed in this
thesis, is a general outline, which can easily be extended to all configurations of TENGs and
piezoelectric energy harvesters. The presented results significantly improve the power
density, obtained voltage and current of nanogenerators, opening a new horizon for
straightforwardly and cost-effectively fabrication process of TENGs and piezoelectric

nanogenerators.
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Chapter 3

Piezoelectric energy harvesters

3.1 Introduction

The previous chapter showed some applications of piezoelectric materials in energy
harvesting approaches. In fact, piezoelectrics are highly sensitive to the external pressure. As
it was already mentioned, when piezoelectric materials undergo the external force, some
electric power will be generated. Furthermore, thermal gradient can also result in some power
output in piezoelectric systems. Here, we use the piezoelectric materials undergoing pressure
and thermal gradient in order to introduce high performance energy harvesters. For novelty
purposes, we take the advantages of functionally graded materials (FGMs) to introduce
piezoelectric-based energy scavengers with non-uniform materials properties, harvesting

more electrical output.

3.2 FGMs

Conventional engineering materials cannot meet the required material properties in critical
applications such as microelectronics, power generation, bioengineering and aerospace. In
such applications, a higher resistance against electro-thermo-elastic stresses or chemical
resistance is required. For example, gears not only should be sufficiently tough inside to resist
the fracture, but also should be hard enough on outside to withstand wear [148]. In fact,
multiple functions of materials properties is required. Traditional techniques, such as surface
treatment or hardening techniques, were initially used to improve the properties. However,
issues such as abrupt interface or interfacial stresses are still remained [149]. Later alloying

and powder metallurgy were used to arrange various properties within a media [150]. As a
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modern approach, composite materials tailor the material properties over the entire geometry.
But for laminated structures, the problems of inter-laminar stresses and interface
discontinuity are remained.

In 1984, the concept of FGMs was applied in design process of space shuttle in order to
improve the thermal resistance [151]. Generally, FGMs provide a platform to control material
response to deformation, fracture, wear, etc [152]. They also offer many benefits compared to
conventional composite materials including utilizing different material systems e.g.
ceramic/metals [153], removing interface problem in multi-laminar structures [154], and
offering bio-applications opportunity to engineering designs.

Here we use the FGMs concept to introduce piezoelectric-based energy harvesters
scavenging energy based on the applied pressure and thermal motivations. The grading index
of the FGMs makes a link between the thermo-elastic and electric fields. Two case study are
investigated in this chapter. The first one is spherical shells made of FG piezoelectric
materials, undergoing mechanical pressure and thermal excitation. The role of the FG
piezoelectrics as sensor and actuator is examined, and thermo-electro-static responses are
drawn. In the second study, a cylindrical geometry is chosen. An optimization platform is

presented to maximize the electric output by means of the FG rule.

3.3 Spherical piezoelectric smart shells

Two laminated smart shell types are considered in this study, called shell 1 and shell 2. Shell
1 is a two-layered shell made of a host FGM layer covered with a layer of PZT-4 perfectly
bonded to its outer surface. Shell 2 is a includes three layers, with one-layer FGM host
covered by a film of Ba,NaNbsOis and a layer of PZT-4 perfectly bonded to its inner and
outer surfaces respectively. A sectional view of shell 1 and shell 2 and the spherical

coordinates are shown schematically in Fig. 3.1.
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- Sensor layer

- Host layer
- Actuator layer

hPiezu

Fig. 3.1: Sectional view of geometry and coordinates of the laminated shell of (a) shell 1, a
host FGM layer covered with a layer of PZT-4 bonded to its outer surface, and (b) shell 2,
one-layer FGM host covered by a film of BaxNaNbsOis and a layer of PZT-4 to its inner and

outer surfaces respectively.

3.3.1 Piezoelectric layers
The linear constitutive relations of a piezoelectric material subjected to mechanical stress and

electric and thermal fields are considered as [155]:
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6=Ce—e'Q-IT, D=ec+nQ+PT (3.1)
where ¢ and & denote stress and strain fields, respectively; C, e, 7, A and P represent elasticity,
piezoelectric, dielectric permittivity, thermal elastic coupling and pyroelectric tensors,
respectively. The radial components of the electric displacement (D) and electric (£2) fields
are D, and Q, respectively. Also, T explicates the temperature change of the spherical shell.
The constitutive equation, Eq. (3.1), expresses the converse and direct piezoelectric
effects. For a shell made of non-piezoelectric material, e=y=P=0 are set. In essence, the real
application of the proposed study lies at heart of structural health monitoring, damage
detection and sensory and actuatory utilizations. In such applications, a thin film of
piezoelectric materials is deposited on the structure. Here, in comparison with FG layer, a
very thin film of piezoelectric materials has been implemented into the structure (hpiezo/hrg =~
0.1). The following references can evidently confirm the assumption [156-158]. Then, the
properties of piezoelectric materials are assumed to be constant and independent of the
temperature. It is also noted that the piezoelectric sphere is spherically isotropic [159, 160].

The governing equation of the spherical coordinate system in the absence of body force is

[161]:
oo, 20, -0,) u
5 T TP (3.2)

where p and ¢ represent the density of the shell and time respectively. The governing equation
of the electrostatic charge is:

oD 2D
2D, (3.3)

or r

In our studies, the thickness of the piezo film is 5% of the host layer, and the ratio of the
mid-plane radial to the thickness is almost 5. Then, thick shell theory is used to drive the
strain-displacement equation for the geometry [162]. The strain-displacement and the electric

field-electric potential relations of a spherically isotropic pyroelectric medium are defined as:
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0
E= . fg =g, = L0 =-Y (3.4)

where u and y account for the radial displacement and electric potential, respectively. By
combining Eqgs. (3.4) with (3.1), the definitions of the radial stress, circumferential stress and
electrical displacement components are obtained in terms of the radial displacement, electric
potential, and temperature fields.

o, :C11%+2C121+€118—W—411T
or r or

ou u 0
o9 =Clp—+(Cyx +C23)—+€12—W—/112T (3.5)
or r or

Ou u oy
D, 26115+26127—7711§+1’11T

By substituting parameters of the above equations into Eq. (3.2), governing equations are
obtained in terms of the displacement fields, electric potentials, and temperatures of the

piezoelectric layer. Hence, the piezoelectric field equations are found to be:

o%u 1ou 1 o or 2 du G
Cii—5 +2Cp - ——ul+ep V/—ﬂll *{{C11*+2C12*+€’11l—/111T}

or? ror g2 or or or

o ow 2 (3.6)

—{C12*+(C22 + )™ +€12?—112T}} vy

0%u 1 6u 821// or ou oy
e—=+2ep{——-—— +PR +={ey—+2ep——m—+ B T}=0 3.7
=3 Uy 52 iy, {115 12 m—, -t = (3.7)

3.3.2 Host layer

It is assumed that the host shell is made of isotropic and FG material. Hence, it has only three
material parameters in addition to the thermal conductivity, K, namely the Young’s modulus,
E, the Poisson’s ratio, v, and the coefficient of thermal expansion, a. It is assumed that the
sphere is made of material that is FG in the radial direction, except for the Poisson’s ratio
which is assumed to be constant through the shell thickness. All material properties are
temperature independent. The stress components of an isotropic shell are defined in terms of

displacement components and the temperature field as:
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By substituting components of Eq. (3.8) into Eq. (3.2), the dominant equation for the host
layer is developed in terms of the displacement and temperature fields of the FG spherical

layer, as follows:

B 200 2 Vg ou du B O Foou 3k
1+v)1-2v) a2 ror 2 A+v)A-2v) or r  (1+v)e? A+v)or (1+v)(1-2v)
o (3.9)
E }7 _ 3Ev ‘o 7_{ 3o ér / VaT + 2E {7_l )= 62
(1 +v) or (1+v)(1- 21)) 1+ 1)) or  (1+v)(1- 21)) (1+v) (+v)yr or r

3.3.3 Heat conduction analysis
In this work, transient heat conduction without internal heat source is considered; hence, the

governing equation of the transient temperature field is defined as [163]:
e (10

where K and c are the thermal conductivity and specific heat respectively.

3.3.4 Interface interactions and boundary bonds
For a laminated structure, the energy balance must be met at the interface of each adjacent

layer, i.e., between the & and the (k+1)" layers. A schematic view is presented in Fig. 3.2.

60



&+D® layer
Thermal flux

Electric displacement

Fig. 3.2: Compatibility conditions between k™ and (k+1)™ layers, including radial stress,

electric displacement and thermal flux terms.

The corresponding interface equilibrium and compatibility conditions are written as [164]:

oT
ar|k :Gr|k+1’”|k :”|k+1’Dr|k :Dr|k+1’ ‘/’|k :'/’|k+1’ T|k :T|k+1’K§k

T

=K 3.11)

k+1

The surface boundary conditions of the outer piezoelectric shell, i.e. =b, are considered to
be free of traction and the temperature is assumed to be zero. Also, the inner surface is
subjected to transient pressure and thermal excitations. Under these circumstances, the
boundary conditions are drafted as:

at r=a: o,=P@), T=T(t); (3.12)
at r=b: 0,=D=0, T=0

3.3.5 Solution methodology
In this study, the differential quadrature (DQ) method is used to approximate the derivatives
of the displacement and temperature fields with respect to the spatial and time domains and to

discretize the governing partial differential equations into series form.
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3.3.5.1 Differential quadrature

Researchers face a set of partial differential and integral equations describing the
characteristics of the problem. Many low-order computational methods have been presented,
suffering from inadequate accuracy and time-consuming computer operation. However, the
highly accurate outcomes of DQ, which uses the coordinates of all mesh points for
approximating the derivatives of a desirable function, revolutionized the computational
research area. If A7, x, and M stand for the weighting coefficients of the n order derivative,
mesh points and the number of grid points, we have:

"y
ox" ).

M
2y A"y, (3.13)
i 1=l
In fact, the accuracy of the weighting coefficients specifies the accuracy level of the DQ.
The polynomial expansion based differential quadrature that was introduced in the approach
of Quan and Chang [165, 166] is employed to define the first and second order derivatives of
the function in the physical domain. Several polynomial based differential quadratures have
been developed by researchers [167-170]; however, the most useful approach uses Lagrange
interpolation polynomials.
For the weighting coefficients of n™ order for ¢(x), an explicit formula based on the

Lagrange interpolation function was derived as:

. d

A7 = - L(x) , i,j=12,..M (3.14)
and:
_ TT(x
l_/'(x)_ (X_Xk)¢(1)(Xk) ’ ¢(x)_1;!:(‘x ‘xk)
dp(x) M (3.15)
M _ 7 _
¢ (x,) = T lk_:!(xi )
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By employing the differential quadrature method, the governing equations (3.6) and (3.7)
can be discretized into the following forms.

CI]ZA( )1”l+2C121*ZA(1) 14 —*” }+6112A( Vv - l]lZA()lTl

’11

+— {{CuzA()z”z +2C12*+€112A( Vv =T - {ClzZA( )11”1+(C22+C23)*ui (3.16a)
i =1 =1 =1
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T (3.16b)
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where A” and C?” (i=1,2) explain the weighting coefficients of the i order derivative in the
piezoelectric layer and time domain respectively. The right side of this equation (3.16a)
discretizes the inertia effects. In current study, thermoelastic loads sharply change over the
time, then time varying characteristics, including displacement, temperature, and electric
potential, are investigated in space and time domains parallelly. The dynamics of
piezoelectric films are broken to small time intervals through the solution algorithm, and all
these time intervals interactively work to present the final temporal response.

The governing equation of the host shell corresponding to Eq. (3.9) is:

E
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where B?” (i=1, 2) elucidates the weighting coefficients of i order derivative in the host
layer.
The transient temperature field in the host shell and the piezoelectric layers are

represented as:

M M M
2K rom N ) N p(2) Krou N g0
p ;B imIn + KrGu ;B i+ or ;B inlm
0 (3.18a)
1
= PrGmMCrGm ZC( )mT n
n=1
2K M, M, 0
Pi 1 2 1
- r'zezo ZA( )ilT} + KPiezoZA( )ilT} = pPiezocPiezoZC( )inTn (318b)

L=l I=1 n=1
where KrGu, prom, croM, and Kpiezo, ppiezo, CPiczo are the thermal conductivity, density, and
specific heat for the host and piezoelectric layers respectively.
The boundary conditions of the piezoelectric and shell layers as defined in Eq. (3.12) are

dictated as:

M M

Ev 5 1 E
(o) = E BY u +—ut——— E BD. 4
V|FGM (1+U)(1—2D) {m:1 im“m . z} (1+1)) - im“m

3Ev
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3.3.5.2 Choices of sampling grid points
In order to carry out numerical computation, sampling points in the spatial coordinates are
assumed to be distributed according to Chebyshev-Gauss-Lobatto polynomials. For a time

domain, uniform, distributed grid points are used.
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where f7 clarifies the total time of the transient analysis.

3.3.6 Numerical results and discussion

3.3.6.1 Evaluation

To proceed with calculations, evaluation of the outputs of the present method is first carried
out. The results for a FG thick-walled sphere subjected to mechanical and thermal loads are
obtained using the presented algorithm and are then compared with the results published by
Eslami et al. [171]. Variations of the material properties are assumed to be obeying the

following power law formulation:
Y(r) =Y, (3:21)
a

where Y; elucidates the material properties at the inner radius. Results are presented for the
same loading and boundary conditions described in [171].

The radial distribution of the hoop stress and radial displacement fields calculated by the
present method are compared with the data reported in [171]. As can be seen from Fig. 3.3,
the thermo-elastic response of the FG spherical shells obtained by the proposed technique

shows very good agreement with that of the reference [171].

65



st

29 T T T T T T T T T 58

28k + Proposed Study 1 + Proposed Study
.| — Eslami et al. (2005) | sl — Eslami et al. (2005)
26

54T
151

1624}
23}
22}

21F

2}

48

1.9

1 102 1.4 106 L08 1.1 112 114 L16 118 1.2 1 102 1.4 106 1.08 1.1 1.12 1.14 116 118 1.2
r/a r/a

a b
Fig. 3.3: Evaluation study of the presented method with the literature for a thick FG spherical
shell (a) radial distribution of the circumferential stress, and (b) radial displacement through

the thickness.

In this work, results are marked in dimensionless form. The following dimensionless
parameters are defined for the components of stress, displacement, temperature, and electric
fields.

1 _ .

_ Xa K
{O-r > GB}ZE{O-V ’ O-e} U= '8“ :

7= v, 7= t (3.22)

u,T = = -
By X hegy pxCexhgg,

SIS

For the host shell, variation of the material properties in the radial direction is defined by a
power law, as:

r—a

b—a

)} +Y, (D)7 (3.23)
b—a

Y(r)=Y{1-(
where Y; and Y, denote the material properties at the inner and outer surfaces of the FG shell
(i.e. a and D) respectively and £ is the grading parameter labeling the change of the volume

fraction of two constituents. It is assumed that the inner and outer surfaces are made of TiC

and Ni respectively. The properties of these materials are listed in Table 3.1.
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Table 3.1: Elastic and thermal material properties of TiC and Ni [172].

Property  E (GPa) v a (10%°C) K (W/m. °C) p (kg/m?) ¢ (j/kg. °C)
TiC 460 0336 74 20 4930 530
Ni 199.5 0.312 18 90.5 8908 440

The material properties of the piezoelectric layers used in the present study are listed in

Table 3.2.

Table 3.2: Electro-thermo-elastic properties of PZT-4 and BaxNaNbsO15 [173, 174].

Material Elastic constant Piezoelectric constant Permittivity Pyroelectric
(GPa) (C/m?) (10°C*Nm?)  constant (10-
SC/m*°C)
Ci Cin Cn Cy en e B P
PZT-4 139 78 139 74 -52 -5.2 6.5 5.4
Ba;NaNbsO1s 239 104 247 52 -04 -0.3 1.96 5.4
Thermal modulus Thermal conductivity Density Specific heat
(10° GPa /°C) (W/m°C) (kg/m®) (J/kg°C)
A1 A2 K p C
PZT-4 6.7 2 1.5 7500 200
Ba;NaNbsOs 15 2.6 13.9 5300 350

Next, for the sake of further verification, a study is conducted in order to compare the

accuracy of the proposed method with that of the finite element analysis (ANSYS). The curve

responses of the radial stress and displacement, and electric potential are drawn in Fig. 3.4.

As can be clearly seen, outputs of the implemented algorithm are in a good agreement with

those of the finite element analysis.
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Fig. 3.4: Comparison between the presented results with those of the finite element analysis

for an FG sphere (a) radial stress, (b) radial displacement, and (c) electric potential.

3.3.6.2 FG host layer laminated with sensor layer

In this section, transient thermo-electro-elastic feedback of shell 1 is investigated. In essence,
the piezoelectric layer plays the role of a sensor layer. By the application of mechanical and
thermal motivations to the FG host layer, electric output is produced that reflects direct a
piezoelectric effect in the sensor layer. This electric potential can be used for various

purposes such as vibration control and structural health monitoring.

68



The effect of the grading parameter f on the distribution through the thickness of the
dimensionless radial and circumferential stresses and radial displacement is plotted in Fig.
3.5. It is observed from Figs. 3.5a and 3.5c that the interface continuity conditions and the
boundary conditions for the radial stress and the radial displacement are fully satisfied. It is
also shown in Fig. 3.5a that the absolute value of the radial stress is almost constant for =5
and f=-5. Moreover, the value of the hoop stress decreases in the sensor layer as f increases.
Circumferential stress is one of the main reasons for failure, especially in brittle materials.
Fracture can be tackled by knowing and controlling the value of this stress. Another
important point about Fig. 3.5b is the discontinuity of the circumferential stress at the
common interface of the host and the sensor layers. It is realized from Fig. 3.5c that as S
drops, the dimensionless radial displacement increases monotonously, with its maximum

value at the inner surface.
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Fig. 3.5: Effects of inhomogeneity on the dimensionless (a) radial stress, (b) circumferential

stress, and (c) radial displacement (at 7=2.5x10%).



Next, the responses of the electric potential and temperature of shell 1 are depicted in Fig.
3.6. The dimensionless electric potential is drawn in Fig. 3.6a and clarifies that the sensor
layer senses the high absolute voltages as the grading parameter § declines. Likewise, this
graph reflects a zero-electric potential in the FGM host layer, as expected. The electrical
output of the sensor layer can be used in structural health monitoring of the shell structures
for quantifying the severity of damage. The dimensionless temperature distribution is
displayed in Fig. 3.6b, exhibiting a significant decrease in its values as the grading index
increases. Furthermore, this figure illuminates a nonlinear distribution through the thickness
of the FGM shell, attributable to the power law grading of its material properties, but a linear
distribution is observed through the sensor layer. In general, the statistical data illustrated
here would be helpful in designing laminated smart FG shell structures with an appropriate

grading parameter that ensured smooth distribution of stresses in the entire structure.
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Fig. 3.6. Impacts of inhomogeneity on the dimensionless (a) radial distribution of the electric

potential, and (b) temperature through the thickness.
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Here, the effects of the temperature gradient (i.e. T, =97/ot) at two surfaces of the shell 1

on the dimensionless stresses, radial displacement, and electric potential are displayed in Fig.
3.7. The temperature of the outer surface assumed to be fixed, 1. e., 7(h)=0 °C and the
temperature of the inner surface varies sinusoidally with time as a parameter. Material
properties are assumed to vary linearly in the radial direction, i.e. f =1. From Fig. 3.7a, it is
revealed that the values of dimensionless radial stress increase gradually as the temperature
difference increases. Fig. 3.7b illustrates that the hoop stress declines in the FG host and
sensor layers as the thermal gradient rises. Variations of the dimensionless radial
displacement and electric potential are illustrated in Figs. 3.7c and 3.7d, highlighting an

increase magnitude as 7, increases.
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Fig. 3.7: Effects of thermal gradient on dimensionless (a) radial stress, (b) circumferential

stress, (c) radial displacement, and (d) electric potential (at 7=2.5x10°6).

One of the most important features of the shell structure is the ratio of the mid-plane radial
to the thickness (S) of the shell [162, 175, 176]. Transient responses of the dimensionless s
and u of shell 1 are shown in Figs. 3.8. These figures show that as S increases, the tangential
stress, and displacement fields substantially increase. It is noteworthy that, with

representation of the transient variations of the stress and displacement fields at different
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points in the shell structures, critical points of damage in engineering materials can be

discerned.
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Fig. 3.8: A survey of the effects of the shell thickness S on the profile of (a) circumferential

stress, and (b) radial displacement (at 7=2.5%10°).

Next, a study is conducted of the impacts of the ratio of the mid-plane radial to the
thickness on the radial stress and the sensed electric potential. The thermo-elastic response is
depicted in Fig. 3.9. As expected, the sensed electric output in the sensor layer is dramatically
affected by S. Moreover, the FG host layer displays considerably higher values of the stress

field when S increases.
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Fig. 3.9: Impacts of the geometric parameter on the dimensionless (a) radial stress, and (b)

electric potential.

3.3.6.3 FG host layer laminated with actuator and sensor layers

Now, the thermo-electro-elastic interactions of FG shells bonded with thin piezoelectric
layers are examined. Piezoelectric layers on the inner and outer surfaces of the host FG shell
are involved as actuator and sensor layers, respectively. Transient mechanical, thermal, and
electrical loadings are applied on the actuator layer, and deformations and electric output are
observed in the whole structure. The application of an electric load as input and production of
deformations throughout layers demonstrate the converse piezoelectric effect.

The effects of the electric excitation, i.e. variation of the electric potential on the
characteristics of shell 2 are studied and the results are shown in Fig. 3.10. The electric
excitation is assumed to vary as a parameter, i.e. y=0.1 and 5 KV. Indeed, by applying an
electric excitation, stress and displacement fields are produced that reflect the converse
piezoelectric effect. From Fig. 3.10a, it is evident that the values of dimensionless radial

stress increase as the electric excitation increases. The tangential stress curve is plotted in Fig.
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3.10b. This figure highlights an overwhelming increment in the oy values in the actuator layer
with the increase in y; however, the pattern is reversed for the FG and sensor counterparts.
The dimensionless distribution of » in Fig. 3.10c shows that, with an increase in electric

motivation, the level of radial displacement decreases.
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Fig. 3.10: Effects of the electrical potential on (a) radial stress, (b) circumferential stress, and

(c) radial displacement (at 7=2.5x10).
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In this section, the effects of the ratio of the thickness of the FG layer to the thickness of

the piezoelectric layer (ie. g, /hp,.,) for the shell 2 are explored. This ratio has significant

effect on direct and converse piezoelectric effects [157, 158]. As observed in Fig. 3.11a, the
absolute values of the dimensionless radial stress through the thickness show an initial
reduction and then a smooth increment. As observed in Fig. 3.11b, the dimensionless
circumferential stress in actuator and sensor layers decreases as the thickness of the FG layer
increases. The r-distribution of the radial displacement is displayed in Fig. 3.11c, indicating

that as the thickness of the piezoelectric layer decreases, the electric potential values in the

sensor and actuator layers decrease dramatically.

0.1 F 1 Pl _hFG]\.[=50hpiezo

~
-0.2 | 1 S === hFGM=20hpiezo
03

04 |

- -]
e -0.5 B 25
-0.6 1
2 |
07}
i — = . I
0.8 " hFG]\I Sﬂhplezo 15
08t / ]
A — = .
" hpen =200y, 1E-
EY A 1
o’
= =
1 . " " . " . . " . 05
1 L2 14 106 108 L1 112 L4 116 118 1.2 1 .02 14 106 108 L1 112 L4 116 118 1.2
r/a r/a
a b
1000
400 hFG]\.[=50hpie:m [
[ 1
=== By =20hye,, !
1
600 - 1
T
1
1
1= 400 | '
1
]
1
200 - '
1
1
I
e
200 . L . . L . . . L
1 102 104 106 108 L1 112 L4 116 118 1.2

r/a
c
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stress, and (c) electric potential (at 7=2.5x10).
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Finally, the r-distribution of the radial displacement and electric potential is probed, and
the outcomes are shown in Fig. 3.12. Clearly, from Fig. 3.12a, as the thickness of the FG
layer increases, the values of radial displacement decrease moderately. The temperature
distribution through the thickness is sketched in Fig. 3.10b, denoting that with an increase in
hremlhpiezo, the grid values of temperature decrease in the laminated shell structure. As the
final point, from Figs. 3.11 and 3.12, compared with other parameters, the effect of the
geometric parameter is greatest on the distribution of the electric potential. Furthermore, the
effect of piezoelectric layers becomes negligibly small as the thickness of piezoelectric layers

decreases to a value of about Zirgr=350hpiczo.
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Fig. 3.12: Effects of hrGum /hpiezo on (a) radial displacement, and (b) temperature.
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3.4 Cylindrical smart shells

In this section, the applicability of cylindrical shells in energy harvesting purposes is
examined. We assumed that the shell is made of FGMs. Then, the relevant formulations are
presented. An optimization platform is presented in order to maximize the scavenged energy
while minimizing the weight of the shell. One of the most important application of the
proposed strategy lies at heart of design process of the lightweight shell structures for

portable energy harvesters.

3.4.1 Thermo-electro-elastic formulation
Here the constitutive equations of pyroelectric shells under mechanical, electrical and thermal
excitations are presented. Sectional views of the geometry of the structure are plotted in Fig.

3.13.

a Thermal Gradient

Pressure

Fig. 3.13: Sectional plot of the pyroelectric shell (a) coordinates and loadings, and (b)

variation of material properties along the thickness.

As mentioned, it is assumed that the piezoelectric vessel is made of an FGM. Mechanical,

electrical and thermal material parameters have their own special gradient indexes, namely f;
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for the elastic modulus, S for the piezoelectric constant and the dielectric constant, and S5 for
the thermal modulus, the pyroelectric constant and the thermal conductivity (K). The gradings

of material properties thorough the thickness are written as:

;=& pr)=p" Y
a a

e, (=), ) =nl(C)" (3.24)
a a

p()=p" Y . B=B D" . K(r) =K' ()"
a a a

where ¢%, p°, €%, #%, P% and K’ stand for the elastic modulus, density, piezoelectric constant,
dielectric constant, pyroelectric constant and the thermal conductivity at the inner surface,
and f;, p2> and f3 are mechanical, electrical and thermal grading variables thorough the
thickness, respectively.

In our case study, the body force does not exist; hence, the equation of equilibrium in
cylindrical coordinates of the shell is:

do, o.—-0,

r r

=0 (3.25)

or r

and according to electrostatic rules, the governing equation for electric field can be derived as

[155]:
oD. D
L+ —L=0 (3.26)
or r

By merging Eqgs. (3.4) and (3.1) in spherical coordinate, the stress and electrical

displacement vectors are expanded as below:

ou u oy
0, =C33—+C3—+es3 o -p.T
u oy
09=013—+011—+€315—/5'9T 627)
3.27
ou u 0
Dr=e33_+631__7733_w+prT
r or
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Next by inserting the stress and electrical displacement vectors into the equations of
equilibrium, stress equilibrium equation and electrostatic equation can be derived:

Stress equilibrium equation:

0%u 10u 1 sz oT 3033 Ou Ocjzu
3 ot Tast, ror u}+e33 ﬂ ar or ar or r
Oeyz O 0 ou 5 Ou
8? 871;%_ ;r +— {033 o +C13 +633 1/} =B,T—cy3 o (3.28)

1 0
—011;“—6318%{]4‘59“:0

Electrostatic equation:

0u
+e3{—

L 0% 10u 1 0%y
> or? r or
du

*”}—77 vy
2 33 or?

OT | Oess @+8631 u_ Ony 0y

+
Pr or or Or or r or Or

X 1 o (3.29)
+§rT+ {es3 oy e T +p,T;=0

Derivatives of the material properties are defined according to their respective functions.
In this study, we assumed that there is no heat generation in the system, and all derivatives in

respect to time is zero. Then, the heat transfer analysis is confined to the below:

l%( K—) 0 (3.30)

Here we describe the boundary conditions. FG structure undergoes the internal pressure.
The electric potential is kept zero at surfaces. The temperature motivation is applied to the
inner radius. In summary, the surface conditions of the FG pyroelectric vessel are written:

atr=a: o, =P, T=T(a), y =0
atr=b: 0.=0,T=0, y=0

(3.31)
3.4.2 Optimization formulation

Here, we introduce the optimization prospect. It is obvious that lighter smart structures
reproducing higher electric outputs are preferred for energy-harvesting systems.
Simultaneously, as structures become lighter through reduction in dimensions or decreases in

material strength, they will be put at risk of failure. Then, the aim of this study is to present
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an optimized version of FG smart shells which can store the maximum level of energy while
having the minimum weight. Fig. 3.14 depicts the main concept of this study. Grading
indexes of the mechanical, electrical and thermal fields (#;, 5> and f3) constitute the search
space of the problem. It is expected to achieve the following goals throughout our design:

. The weight of the structure can be reduced by means of decrement in the value of ;.

. Increment in > means that the energy stored in the pyroelectric cells increases,

leading to higher values of electrical output (voltage and electrical energy).

. Lower values of f; result in higher values of electrical output.
Safe Area Failure Area
(G <0 allowance ) (G >0 allowance)
Weight ! Energy

Optimization Procedure

o0l

Fig. 3.14: Specifications of the optimization study.

Here, we formulate the optimization problem. Calculation is presented per length unit. If y

shows specific gravity, the weight of the structure can be calculated by the following integral

between the boundary surfaces:
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r=b r=b
W= j ydV = j o(r)gdV (3.32)

where g =9.81 m/s?.
It is also assumed that the density of the vessel varies through the thickness in accordance

with Eq. (3.24). Then, the whole weight (density * volume) of the shell can be found:
W= jr:b 2mp(r)grdr = 27rp0gJ‘r:b (L)ﬂl rdr (3.33)
r=a r=a q

On the other hand, the stored electrical energy in pyroelectric cells is derived by taking the

integration of dot product of the electric field and electric displacement, as below [177]:

Vv
where v shows the integration on the volume of the body
r=b r=b
U=[EDdv={""2rE.Drdr=2z[ " E.Drdr (3.35)
V

For calculating the above integral, generalized integral quadrature (G/Q) as a semi-
analytical integral method is used. Finally, the goal function of the present study can be
written as:

1

1 r=b p
Goal Function =W +—=27p,g (=)' rdr + —
U 'La a 27II _Z E.Drdr (3.36)

The gradient index (including f;, f> and f3) should be found in order to minimize the
weight and simultaneously to maximize the value of the electrical energy (U). In addition, to
guarantee the structural integrity of the smart structure, it is supposed that the torsions of the
pyroelectric structure remain within the allowance stress limitation. The optimization

approach should be considered under the following bonds:
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Constraints: o,<0

yield
ﬂlmingﬂlgﬂlmax 3.37
Seal’chSpaCGZ ﬁz min SﬁZ Sﬂz max ( | )
ﬂ3 min S183 Sﬂ3 max

As it was mentioned, the structure is made of an FGM with varying properties through the
thickness according to Eq. (3.24). Because of the inhomogeneity, failure analysis is a hard
task and seems to be a function of some variables. In reality, PZT-5H should be treated as
brittle, and fracture mechanics techniques are required to determine the failure point. Here,
situation is more complicated due to the applied thermal shocks and inhomogeneity. It may
change the materials behaviour as a quasi-brittle one. Since real failure analysis is out the

scope of this thesis, a simplified strategy was used to judge the failure.

3.4.3 Method of solution

To solve the optimization problem of the pyroelectric medium and present numerical
simulation, we use the GWO and PSO methods to find solutions under the law of constraints.
Furthermore, the DO and GIQ methods, as powerful approaches in solving differential

equations, are employed along with the GWO method to send the results to the goal function.

3.4.3.1 Generalized integral quadrature

In certain engineering problems, particularly calculations of the surface or of the volume of a
body, we confront integration of functions over the physical domain. Analytical calculation
of such integrations is a difficult task. Here, numerical integration methods can be helpful. In
a similar manner to that used for partial differential derivatives, the approximation of the

integration of a desired function over the arbitrary domain can be derived as:
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X, N ..
J'xf S~ Y A4V 1(x) (3.38)
! /=1

where A denotes the weighting coefficients.

Different rules have been applied for the calculation of weighting coefficients, resulting in
various approximations. Preferably, to achieve accurate results a high order approach should
be employed. In this work, GIQ is used to approximate the stored electrical energy in the
structure’s cells. The main idea is based on approximation of the function by high order
polynomials involving the functional values of all grid points. The following formula is used

for the weighting coefficients:
T |
Al = wi —wy (3.39)

where w is the inversion of the weighting coefficients matrix of the DQ.

3.4.3.2 Co-evolutionary particle swarm optimization

As an evolutionary computation technique, PSO has been comprehensively investigated by
other researchers. Briefly, some random particles are defined in the search space. Each
particle has its own position and velocity, as x;; and v;;. At every step, each particle obtains
its own best position, i.e., pij, and at every step of the algorithm the global best will be

updated (pg,). New positions and velocity of particles can be updated via the formula:

V[,j(t+1) = in,j (t)+clrl(pi,j _xi,j (t)) +02r2(pg,j _x[,j(t))

X, @+ =x ;@O)+v, (¢t +1) (3.40)

where ¢; and c> are constant; 7; and 7> show independent random numbers in [0, 1], and w is
the inertia factor. Briefly, Fig. 3.15 depicts the different steps in the conventional PSO

method.
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Fig. 3.15: Flow chart of PSO method.

In engineering sciences and physics circles, optimization problems are usually engaged
with a collection of goal functions including restrictions. A general definition of an
optimization study containing some constraints is written as:

Goal Function: Minimize f(x)
Constraints: g(x)<0 , h(x)=0 (3.41)

Search Space: x=[x,%,,....X,]

For meeting the restrictions of the dominant problem, application of the penalty functions
is the most prevalent method [178, 179]. Here, we take advantage of the method described in
reference [180]. The mechanism is based on two simultaneous PSOs cooperating

interactively; the internal loop seeks out optimization variables in the predefined search space
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while the external loop exerts the penalty limitations. In the current study, the penalty
functions are assumed to be [181]:

Internal PSO: F/(x)= f,(x)+sum_viol xw, + num_viol x w,

— If thereis any feasible solutioninint ernal PSO :

P(B;)= M

— bl
num_ feasible num_feasible (3.42)

External PSO: ) . .
—If thereis no feasible solutionininternal PSO :

Z sum_viol

P(B,))=max(P , )+
( j) ( valld) Znum_\}ial

— Z num_viol

where f(x), num_viol and sum_viol stand for objective value, number of violations, and the
sum of all violations in the inner loop. Moreover, z S jeasinie @0d num_feasible account for the

sum of the objective functions of the feasible solutions and the number of feasible solutions
in the inner PSO, and max(Pvaiiq) shows the maximum fitness value of the valid particles in

the outer PSO. Also, w; and w> denote the penalty factors calculated by the external PSO.

3.4.3.3 Grey wolf optimization method

The GWO algorithm is based on mimicking the hunting behaviour of grey wolves in nature.
The method contains three main steps: seeking the prey, encircling the prey, and attacking the
prey. Furthermore, to simulate the leadership hierarchy, four different grey wolf variable
types, including alpha, beta, delta, and omega, are implemented. In this method, the first level
of grey wolves is alpha. The second major responsible variable is beta, helping alpha in
decision-making. The lowest important grey wolf variable for making decisions is omega,
which submits to all other wolves. The last wolf is known as delta. This kind of wolf submits
to alpha and beta wolves while dominating omega. Briefly, the following mathematical

formulas show the governing mathematics [140]:
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= ( ) AD (3.43)

Qo=
[
N DN
S S

here, ¢ represents the iteration; X and X, show position of a grey wolf and the prey,
respectively. | | returns the absolute value. Based on this algorithm, 7; and > are accidental
numbers within the [0-1] interval, and values of a are fall from 2 to 0 in iterations.

Positions of wolves are updated as below:

D = D, = D, =|c, X—X‘

X, =X, ~4.D), X, = X A2 X, =X, —A (D G44)
X +X +X

X(t41) = 1+32+ ;

Briefly, the different steps in the GWO method are depicted in Fig. 3.16.
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Fig. 3.16: Steps of the GWO method.

With the help of quadrature method, the first governing equation of the pyroelectric shell

is expressed as:

Ml Ml
1
C33 ZA(Z)L'IHE + 013{;2 AWy — ;) + es3 ZA( Yay — Br ZA(I) T, (345
1=1 =t
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M,y M,y M,

dcas dcyzu;  0Oess ap, 1
T35, ZA(l)i;u;+ ar = T or ZA(l)iIl)bI_ or T; +;{0332A[1)uu;

ron
1=1 =1 =1

M, My M,
1 1

+¢13 T i + e33 ZA(:L)EI Wik — BrTi — c13 ZA(I)EIHE O Ui esn Z AL,
t =1 =1 ! -1

+BeT;3 =0

The discretised electrostatic equation is:

Ml 1 Ml Ml
€33 ZA( Jawy + 331{;2 ANy — Ui} — N33 ZA( ) ay
=1 = =1
My M, M,
dess deziu; I3z (3.46)
+p ZA[ JuTy ZA(l)uU-z + —— 3 ZA(l)w%
T r
1=1 1=1 1=1
dp, 1 M 1 M
+ a_iﬂ + ?,_1,{333 Y AW+ egy o Wi s LAY +p, T3 =0
In the same way, the steady state heat transfer analysis is similarly discretised as:
M M M
K~ a e oK v ,a
K3 a0,k 4010 K5 401,20 347
3 = " A
Meanwhile, the surface interactions are discretised in series format:
M] 1 Ml
€1y Z AV gy + ey it ellz AV = BT+ P(r) =0 (3.48)
I=1 i I=1

3.4.4 Numerical results and discussions

First, all simulation data are graphically obtained in dimensionless format. The below non-

dimensional formulas are used for field parameters:
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here o stands for the thermal expansion coefficient; also, ¢ shows the thermal flux.

(3.49)

The inner surface of the smart vessel is made of PZT-5H, and material properties vary

across the thickness according to Eq. (3.24). Li et al. listed the properties of PZT-5H [112],

as shown in Table 3.3.

Table 3.3: Thermo-electro-elastic properties of PZT-5H [182].

Elastic modulus, GPa

Piezoelectric constants, C/m?

0

cu c’s s e% e’s

126 117 53 -6.5 233
Permittivity Pyroelectric constant Density  Thermal conductivity
10°C*/Nm? 10°C/m’k  kg/m? w/mk
n% Pl P2 p’ K%

13 5.4 5.4 7500 2

3.4.4.1 Evaluation study

In this section, validity of the results is confirmed. Outputs of the proposed work are

compared with results of the smart shell discussed by Li et al. [182]. The vessel is polarized

in the radial direction, and its material properties are orthotropic and nonhomogeneous. The

calculated circumferential stress and electrical outputs are plotted in Fig. 3.17, indicating the

accuracy of the utilized semi-analytical algorithm. Specifically, the proposed algorithm can

be easily applied to any arbitrary variation of material properties, where presenting the
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analytical solution is impossible. Moreover, this algorithm can be implemented in complex

geometries as well as the nonlinear problems at which usually analytical solutions cannot be

straightforwardly found [182].
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Fig. 3.17: Comparison of the response of FG smart vessel with those of reference [182] for

radial distribution of the (a) circumferential stress, and (b) electric potential.

3.4.4.2 Evaluation of the GWO with PSO

Next, results of the GWO are compared with those of PSO. As an evolutionary iterative-based
approach, PSO has been applied in many engineering simulations. After assigning the initial
values to particles, PSO begins searching in the search space, while the positions (x;;) and

velocities (v;;) of particles are upgraded at every step, as discussed in references [130, 132]:

Vi (t + 1) =Wy (t) +an (pi,j — X (t)) +ar (pg,j =X (t))

xi,j(t—'—l) = xi,j(t)"'vi,j(t*‘l) (3.50)

Here, p;; stands for the best response in the history for the particle; pg; is the global best; c;
and c2 account for the learning factors and are constant; w expresses the inertia modulus; 7;

and 7> denote the arbitrary random numbers in the interval of [0, 1].
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Results of the GWO and PSO methods are obtained and are delineated in Fig. 3.18,
showing that the weight obtained is almost the same for both algorithms, whereas the
electrical energy obtained by the GWO method is almost 3% greater than that obtained by the
PSO approach. From this figure, it can be concluded that the GWO algorithm can be
employed in solving complex engineering problems involving mixed partial differential and

integral equations.
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Fig. 3.18: Comparison of results of the GO method with those of the traditional PSO.

3.4.4.3 Homogeneous and inhomogeneous vessels

As already mentioned, in the energy extraction application of smart structures, there are two
key parameters, i.e., the electrical energy output and the weight of the structure. It is a
demanding task to compare the energy production performance of homogeneous
pyroelectrics with their inhomogeneous counterparts. Results of the GWO+DQ+GIQ
algorithm are presented in Table 3.4. The results demonstrate that the optimized responses of
the FG smart shells generate a remarkable growth in energy output (75%) while a significant

decrement is observed in weight (9.1%). These outstanding results mean that the proposed
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design can be implemented in energy scavenging structures to solve the problem of low-

power generation of smart devices.

Table 3.4: Effects of inhomogeneity on weight and stored energy of FG shell structures.

3 Weight 3 Energy
1 p: fs w U
reduction increment
Homogeneous shell 0 0 0 1 - 1 -
FG vessel -3.7352 5 -1.6151  0.909 9.1% 1.75 75%

Next, for homogeneous and inhomogeneous vessels, the results for variations of elastic
and electrical fields through the r-direction are presented in Fig. 3.19. From this figure, it can
be appreciated that the boundary conditions of the problem have been satisfied perfectly,
demonstrating the high accuracy of the proposed method in solving complex interactions of
mechanical, electrical and thermal interactions. Also, the dimensionless distributions of radial
and circumferential stresses signify that the structure is in the safe region, demonstrating that
the proposed algorithm works well. As shown in Fig. 3.19d, the electric potential rises

considerably, producing higher values of electrical energy.
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Fig. 3.19: Inhomogeneity impacts on (a) radial stress, (b) circumferential stress, (c) radial

displacement, and (d) electric potential.

Impacts of inhomogeneity on the thermal field are presented in Fig. 3.20. Since the
thermal conductivity varies through the thickness in accordance with the power law,
temperature has a nonlinear distribution for the inhomogeneous structure. Fig. 3.20b shows
the dimensionless distribution of the thermal flux. It is interesting to note that for a
homogeneous structure, the maximum amount of thermal flux occurs in the inner section,
whereas inhomogeneous shells tolerate the maximum flux at the outer radius, due to the

shaping and refining of the material elements by the proposed algorithm.
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thermal gradient.

3.4.4.4 Effects of thermal loading

Lastly, the effects of thermal excitations on the dimensionless curves of elastic, electrical and
temperature fields are investigated. The results showing a decrease in weight and increase in
electrical energy are presented in Table 3.5. As expected, for lower values of thermal

excitation, simulation presents smart structures with less weight and higher electrical output.
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Table 3.5: Results of the optimization algorithm for different temperature excitations.

3 Weight 3 Energy
pi p2 fs w U
Reduction Increment
T(a)=12°C -4.4560 5 -3.1132 0.892 10.8% 1.74 74%
T (a)=15 ‘C -2.8439 5 0.12379 0.929 7.1% 1.56 56%

The impacts of the thermal shock on behaviour of the mechanical, electrical and thermal
fields are examined in Fig. 3.21. All calculations are done with a variable temperature at
inner radius while a constant temperature is applied at the outer boundary condition. The
thermal field has increased the thermal stresses, as displayed in Figs. 3.21a and 3.21b.
Moreover, Figs. 3.21a and 3.21b show that the values of the thermal stresses are in the
permitted range, guaranteeing the impeccability of the structure. The response of the radial
displacement and electric potential are highlighted in Figs. 3.21c and 3.21d. It is observed
that the of deflection values decline as the temperature difference increase. Also, the
maximum values of radial displacement happen at inner section where the thermal excitation
is maximized. In the last analysis, profiles of the thermal flux are calculated and plotted in
Fig. 3.21e. It is noteworthy that with lower temperature inputs, the maximum thermal flux
can be observed at 7=a, whereas with higher thermal excitations the maximum position of the
thermal flux shifts to 7=b. This behaviour is due to changes in the grading index of the
thermal conductivity coefficient (i.e., f3). From the figure, this trend can be extracted by
applying different thermal loadings, where various values of the electric output can be

introduced to demonstrate the pyroelectric effect.
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displacement, (d) electric potential, and (e) thermal flux.
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3.5 Summary

Given the urgent demands of current lifestyle for electrical energy, it is enormously important
to introduce new generations of smart systems that efficiently generate the electrical form of
energy. To meet this demand, we introduce a smart system which is sufficiently capable of
storing high amounts of electrical energy in its elements while the weight of the structure is
substantially reduced. For numerical simulation, it was supposed that the properties of the
vessel change through the r direction, while the mechanical, electrical and thermal fields of
the pyroelectric shell have their own independent gradient indexes (i.e., f;, > and f3). The
energy interactions among mechanical, electrical and thermal excitations were analysed
through an adroit combination of the GWO method with DQ and GIQ approaches. The GWO
scheme searches for the best values of the grading index to refine the elements of the
material, while the DQ and G/Q methods solve the boundary bonds and the governing partial
differential and integral equations. It was shown that the proposed algorithm could work
efficiently to attribute appropriate values to the grading index of FG smart shells, rendering
higher electrical energy corresponding to a noticeable decrease in weight. Furthermore, a
study was presented to show the effects of inhomogeneity and temperature excitations on the
obtained electrical energy and the weight. Boundary conditions at the edges were perfectly
satisfied. All calculations were accomplished while maintaining the structure away from
failure regions. Generally, cracking and yielding can happen when dimensionless deflections
reach a determined critical level. Therefore, the concept discussed here is a fundamental
source for energy-harvesting applications of shell structures. This work highlights the
potential of properly functionalized smart materials to maintain the safety and structural
integrity of FG smart shells while maximizing the electrical output and minimizing the

weight.
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In the structural health monitoring of mechanical systems, smart materials, particularly
piezoelectric materials, have shown strong performance because of their light weight,
structural simplicity, and excellent coupling characteristics between mechanical and electrical
fields. In the current study, the coupled transient interactions among thermal, electrical, and
elastic fields of laminated spherical shells including an FG host layer and piezoelectric
substrates were carefully extricated. In investigation of transient heat transfer and
electrostatic charge constraints, governing equations of FG vessels and smart counterparts of
the system were derived. A semi-analytical technique, the quadrature method, was exploited
to find the solutions for stress, displacement, and electric fields of laminated FG spherical
shells with piezoelectric covering at the interior and exterior surfaces as actuator and sensor
layers. Graphic outputs of the simulations demonstrated that the interface compatibility
conditions between adjacent layers and boundary bonds at the edges were fully satisfied.
Also, in general, cracking and yielding of mechanical structures occurred when the stresses
reached a determined value great enough to exceed the critical value of materials. The
patterns obtained through the proposed algorithm could be of considerable assistance by
presenting the timed responses of the variations of stress and displacement at different points
in the structure. Moreover, it was demonstrated that the grading index of materials, thermal
and electrical excitation, and geometry of the shell played important roles in the distribution
of stress, displacement, electric, and thermal fields. It was found that the values of stresses
and displacement could be managed by selecting a suitable grading parameter. The values of
the deflections and sensed electric potential were sharply affected as the thermal gradient
changed. The effects of the ratio of the thickness of the FG host layer to the thickness of the
piezoelectric layers on the electric potential were greater than those of other field parameters.
Furthermore, the effect of piezoelectricity became negligibly small as the thickness of the

piezoelectric layers decreased to about 2% of the thickness of the host shell. Finally, electric
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excitation had a marked effect on the field parameters in the actuator layer; their distributions

were almost linear, due to constant properties through the radial direction.
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Chapter 4

Sliding triboelectric nanogenerators

4.1 Motivation

It was already mentioned that piezoelectric energy harvesters can produce a relatively
acceptable voltage when experiencing physical motivation. However, some serious
challenges remain to be solved. The first problem is low current output particularly when the
size of piezo films is shrunk. Also, we have a limited choice of materials to be implemented
in the harvesting design. Integrate such issues with required complex fabrication process,
especially in micro/nano scales, and susceptibility to properties change over the time, a more
efficient and sustainable energy harvesting approach is vital.

Triboelectrification, as the procedure of transferring small-scale static electricity charges
generated by friction contact between dissimilar films, has frequently been considered as an
approach for accumulating energy from organic materials. During the contact, the
triboelectrification phenomenon leaves some charges with opposite polarities on each
surface. Those triboelectric charges can be generated between nearly any arbitrary pair of
materials, encompassing semiconductors, conductors such as metals, and insulators such as
non-ionic materials. The electrification phenomenon has been the focus of some researches.
In fact, different materials show different tendencies to accept or donate electrons. In detail,
the materials on the top side of the series have a great tendency to donate electrons, while the
materials in negative side accept the electrons easily. It can be concluded that farther the two
materials in positive and negative sides, higher is the surface charge density generated during
the physical contact. This parameter can significantly affect the output of the TENGs.

Generally, we have two version of TENGs, including: (i) Sliding mechanism, (ii) Contact-
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separation mechanism. The working principle of both mechanisms is described in next

section.

4.2 Experimental setup

In our experiment, PTFE and Nylon were used as a pair of triboelectric films of the same size
(L=10 cm, W=10 cm and t=250 um). The schematic presented in Fig. 4.1a illustrates the
sliding process and details of the sliding surfaces. The two dielectric materials were placed at
opposite sides of the triboelectric series. Figs. 4.1b-4.1f indicate the experimental setup and
the row of serially connected LEDs successfully lit up. In experimental setup, PTFE was
positioned at the surface of the mechanism as the bottom dielectric film and Nylon was glued
to a free-moving acrylic glass attached to a rotating disk. A drill attached to the rotating disk
was used to create the linear motion (Figs. 4.1b-4.1e). This setup was found to be much

cheaper than a linear actuator, and it could provide various rates of acceleration.
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Dielectric films

Fig. 4.1: The experiment set up design of TENG including (a) a schematic of the sliding
process and components, (b-e¢) multi-orientation images of the setup. The experiment setup
was mainly consisted of 5 major parts: part 1: the sliding segment including PTFE; part 2:
sliding segment including Nylon; part 3: actuator to convert rotary motion of a motor to a
reciprocal movement, part 4: base, part 5: top plate, and (f) serially connected LEDs being

turned on during reciprocal motion.

A metal electrode layer (chromium, t=50 nm) was deposited on the external surface of

each triboelectric film, known as electrodes. To enhance the charge transfer between
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electrodes, the in-contact surfaces of the sliding triboelectric films were coated with gold
(t=200 nm). Before coating, the triboelectric films were twice washed carefully with ethanol
and dried under a fume hood. A dual-target sputter coater (Q300T-D, Quorum, UK) was used
for coating under the vacuum condition. The presence of coating was evaluated by scanning
electron microscopy (SEM, Inspect F50, FEI, USA) by comparing the surfaces of the
triboelectric film of Nylon before (Fig. 4.2a) and after (Fig. 4.2b) coatings. As seen in Fig.
4.2b, the upper surface (top surface) of the triboelectric film (Nylon) was coated with gold
and the lower surface (bottom surface) was coated with chromium. SEM images of the gold-
coated surface was also captured under higher magnifications (Figs. 4.2¢ and 4.2d) to identify
the structures of the in-contact surfaces of the sliding triboelectric films. As shown in Fig.
4.2¢, the in-contact surface of the films comprised gold layers that were parallel to the contact

surface and sliding direction.
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200 um o
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Fig. 4.2: SEM images captured from the cross-section of Nylon film (a) without, and (b) with
coating. The upper and lower surfaces of the Nylon film (b) were coated with gold and
chromium, respectively. (c¢) and (d) SEM cross-section images captured at higher

magnifications from the upper surface coated with gold.

4.3 Load resistance analysis of TENGs

The open-circuit condition shows a situation in which the resistor value goes to the infinity,
resulting in no current. Also, the short circuit state reflects a condition in which the resistance
is negligible, leading to zero voltage along the connection. The fact should be considered that
both short circuit and open circuit conditions indicate the ideal current and voltage outputs of

the device. In practical applications, TENGs are connected to different resistors. Then,

106



analysis of the TENG’s resistor circuit is highly important. Nominating the capacitance and
open-circuit voltage as C and V., the basic formulation describing the relationship between

voltage (V) and the transferred charges between electrodes (Q) can be written as [61, 62]:
-1
V:EQ+VOC 4.1)

To derive the formula for capacitance, it is assumed that the length and the width of the
dielectric substrate are considerably greater than its thickness. Then, the behavior of the
electrodes can be considered as two parallel infinite plates. The general formula for the

capacitance is thus:

C="r (4.2)

where S represents the contact area; D is the distance between electrodes; &, is the permittivity
of the space. Depending on the region of overlap between PTFE and Nylon, the capacitance

can be formulated as:

Co el —x(2))
4, 4 (4.3)
g &
where d; and d> stand for the thickness of the dielectric films; ¢; and &> are the permittivity of
the dielectric films. / and w are the length and the width of the dielectric films, respectively.
Also, x(t) shows the sliding distance in sliding-mode TENGs, respectively.
In sliding-mode TENGs, at non-overlapping sections of dielectrics, the value of surface
charge density is assumed to be ¢. In the open-circuit condition, the total charge in the
electrode layer must be zero; then the absolute value of surface charge density can be

calculated simply, as ax/(/-x). Combining the surface charge density and electric field into the

Gauss theorem [183], the open-circuit voltage for TENGs can be written as:
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ox(t) d, d,
e l—x(0) x(t)){ 82}} (4.4)

Voe =Ed, +E,d, =
Now, merging the equations of the capacitance and the open-circuit voltage with the V-0

relationship results in:

-1 d, d, ox(t) d, d,
e e e e L 2

A short circuit condition denotes the condition at which voltage across the electrodes must

be set to zero; hence, the short circuit charge (Qsc) can be calculated by:
Q.. =owx(t) (4.6)
Also, the short circuit current can be evaluated by taking the time-derivative of the short

circuit charge, i.e.:

I = 40, = GW% =owv(t) 4.7)

sc dt
As already mentioned, TENGs in real applications are supposed to be attached to an
external resistor. Then, based on Ohm’s law in circuit analysis, the V-I relationship is

expressed as:
V=RI= RCZQ (4.8)

where R represents a resistor. Merging Egs. (4.5) and (4.8) leads to:

a -l d, , d, ox(t) d, d,
A — x(t)){ reet O(I—x(t)){ gz} 4.9)

The better strategy in power evaluation of TENGs is measuring the average power

produced over time:

jOT Vide jOT RI%di
ave = T = T

t t

(4.10)

where T; is the total time of the analysis.
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4.4 Simulation process

The principal task of the present study would be efficiently harvesting the electrical energy
from our surroundings. To meet this need, a comprehensive study is conducted on
characteristics of the available energy harvesters. Behaviours of triboelectric-based energy
harvesters under different work conditions are scrutinized to represent a modified generation
of old-fashion nanogenerators. As an inseparable ingredient of the present technology, an
effective optimization scheme should be implemented into our calculations.

In engineering and physic circles, artificial intelligence plays a vital role in reduction of
the hidden marginal costs and augmentation of inherent characteristics of any problem. To
achieve this goal, energy harvesting theories should be merged with advanced artificial
intelligence techniques, leading to high performance nanogenerators. In detail, electrical,
mechanical and material specifications of energy harvesters determine the level of produced
voltage and current from nano up to micro units. The more rational choice for these
parameters, the more economical and productive electricity generation approach.

So far, various mathematical techniques have been developed for modelling. In
conventional artificial intelligence methods, high-level heuristic procedure was being applied
to find the best solution with limited computational efforts. The major limitation was the fact
that algorithm got stuck in local optimized regions. However, in early 21 century, some new
ideas have been presented to decrease the error and greatly decline the cost function of the
optimization study. In this thesis, the emphasis is on exploiting the recently established
approaches to compensate the inherently low efficiency of nanogenerators. The basic idea is
on dividing the whole domain into sub-domains; initializing the particles in the search region;
and finding the best solution based on the local and general populations’ feedback.

Increasing the output power of TENGs and decreasing the size of the system are of great

importance. Here, we introduce a simulation process in which the generated power is
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increased, and the size is miniaturized. Specifically, the first scheme finds the exact value of
the resistance circuit for a predefined geometry. The second scheme is the identification of
the smallest dimension of dielectric layers while the power output is fixed.

Previously, we [132] presented a powerful merged algorithm that was based on a semi-
analytical solver and an iteration-based advanced optimization scheme for solving the
coupled optimization and dominant equations for large-scale engineering structures. Here,
that algorithm is implemented into micro/nanoscale problems to investigate the
characteristics of triboelectric nanogenerators. The flowchart of the procedure is presented in
Fig. 4.3. The capability of this algorithm with other artificial intelligence methods in [132]
were compared, showing a greater performance. Here, we use the two PSO method in
parallel, (i.e. CPSO), to find the best result for TENG’s parameters. The internal loop seeks
out optimization variables in the predefined search space while the external loop exerts the
penalty limitations. Meanwhile, the governing mathematics should be solved in every step of
each loop. The artificial intelligence and the governing mathematics were coded in

MATLAB.
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Fig. 4.3: The optimization procedure of the sliding-mode TENGs.

The major difficulty in any optimization scheme is how to find the best responses of
variables while all constraints are satisfied. Here, we apply CPSO as an advanced optimizer
and merge it with DQ approach to develop the power output, kinematic, and geometry of
TENGs. The main task of the optimization theory is searching for the best answer under the
rule of constraints. Meanwhile, a mathematical solver presents the answers for charge,
current, and voltage of TENGs. The details regarding the algorithm was described in the

previous chapter.
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4.5 Simulation results
Here, first a study is conducted to evaluate the accuracy of the proposed algorithm. Then, a

various study is presented to characterize the TENGs.

4.5.1 Validity evaluation

First, the validity of the presented algorithm is evaluated by comparing the results of sliding-
mode TENGs with experimental outputs reported by Niu et al. [61]. Although many materials
can be used practically in TENGs structures, some especial materials, including PTFE,
glycol-modified polyethylene terephthalate, polydimethylsiloxane, and polymethyl
methacrylate, can be effectively coupled with others such as polyamide, aluminum, silver,
and copper to produce a high volume of triboelectric charges in the contact region [61, 184,
185]. As the experiment reported in [61], it is assumed that the dielectric pair consists of

Nylon and PTFE. The material properties of the dielectric layers are cited in Table 4.1.

Table 4.1: Properties of dielectric films [61].

Parameter Value
p (kg/m?) 1150
Nylon
& 4
p (kg/m?) 2200
PTFE
& 2.1

As reported in [61], in the experiment, the bottom dielectric layer was fixed, and the
motion process was guided through a linear motor accelerating and decelerating the top

dielectric layer at a constant acceleration. Throughout the experiment using different
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resistors, Niu et al. [61] kept all other parameters the same and obtained the curves of the
voltage and current in order to maximize the power output of the TENGs. From our
application of the proposed algorithm, the calculation is presented and the results for current
and voltage are plotted in Fig. 4.4. In comparison with experimental outputs of Ref. [61], the

present study produces a very good simulation of the real experimental design.
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Fig. 4.4: Comparison of results obtained for (a) current and (b) voltage with those of Ref.

[61].

Next, a comparison of the simulation outputs with those of our experiment is presented.

The dielectric layers are of equal thickness, d/=d>=250 um, which are considerably less than

the length and width; therefore, the formulation of the capacitance will be valid. It is assumed

that the bottom dielectric layer is fixed while the top dielectric layer moves with a constant

acceleration/deceleration rate, i. e., a:~35 m/s?. The motion is defined as:
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Environmental effects, particularly humidity and ambient pressure, can significantly affect

X

4.11)

the generated power of the TENGs [186-189]. It was demonstrated that the transferred
charges during triboelectrification surge 20% when relative humidity decreases from 90% to
10% at the ambient pressure. Furthermore, the amount of transferred charges drops as the air
pressure decreases from atmospheric pressure to 50 Torr with a relative humidity of 0%.
Also, the optimum working condition of the TENG device shifts to a low pressure when the
relative humidity is high. The impacts of humidity are becoming significant where relative
humidity exceeds 50%. The effect of different levels of humidity on output power was
excluded in the current study. However, to minimize and control the humidity effect, all
samples were kept in similar preconditioning using a sealed container before testing and all
experiments were performed in the ambient pressure with consistent relative humidity of
approximately 40%. In addition, the surface microstructure is another useful route in order to
improve the electric performances of TENGs [190-193]. However, the effect of
environmental conditions and surface microstructure were excluded of the current study and
another study is required to address the associated results. To calculate the surface charge
density, we consider four cycles of the sliding process and use the average to find a more
accurate value for ¢. The integration of current over time results in induced charge during the

sliding process. Fig. 4.5 shows the output of the TENG for 4 cycles.
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Fig. 4.5: Induced charges generated in four cycles.

In our setup, the size of the triboelectric film is 10 cm by 10 cm. 6=Q/S=5 uC/m?. The
results are plotted in Fig. 4.6. When R=8 MQ, temporal curves of the current and voltage are
drawn in Figs. 4.6a and 4.6b. As it is evident, good agreement can be found between
simulation and experimental data. Furthermore, for various load resistances, the distributions
of the maximum values of current and voltage are plotted in Figs. 4.6¢ and 4.6d, indicating

that simulation matches the experiment well.
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the current for R=8 MQ, (b) temporal response of the voltage for R=8 ML, (¢) maximum

current, and (d) maximum voltage.

It should be noted that some distortions happened in the experimental curves of the
voltage and current in comparison to the simulated results. In fact, through the simulation, we
assumed a fully in tight contact between the top and bottom triboelectric films. However, we
have imperfect sliding motion. Moreover, electrostatic influences from the environment can
affect the results of the TENG, making some distortions in the current and voltage curves.
Also, for formulation of the TENG, we had some ideal assumptions which can imply some
differences between the simulation and experimental data. In order to derive the formulation,

it was assumed that the electrodes work as infinite plates in each region. Under this
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circumstance, the electric field will be almost uniform along the vertical direction inside the
dielectric films. The distribution of the surface charge density has also been considered
uniform in each region. But it does not occur.

The above-mentioned reasons made some differences between the simulation and
experimental data. The error bar was displayed in Figs. 4.6¢ and 4.6d. In fact, open circuit
and short circuit conditions are ideal states reflecting more difference between simulation and
experimental results. For the regions far from the open circuit and short circuit conditions, the
error is almost 20%. However, the accordance in Figs. 4.4 and 4.6 between simulation and
experiments proves that the simulation is correct and can be utilized to estimate the
experimental cases. Lifetime of TENG is a key parameter that should be taken into
consideration. The SEM images of Nylon surface before and after gold coating and the
coated surface after 1000, 10,000, and 30,000 cycles of operation are shown in Fig. 4.7. It can
be observed that the wear features can be identified on the surface after cycling slide,
especially after large number of sliding cycles. However, the microstructure of the gold-
coated surfaces was not significantly affected by the huge numbers of cycles to generate

electricity, reflecting acceptable durability of the device structure at the microscale.
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Fig. 4.7: The SEM images of the Nylon surface (a) before and (b) after gold coating and the

coated surface after (¢)1000 cycles, (d) 15,000 cycles and (e) 30,000 cycles of sliding.

4.5.2 Prediction of TENG’s outputs

Because experimentation was not possible for different geometries and loading conditions, it
was highly important to numerically predict the behavior of TENGs. In this section, the
effects of the thickness of dielectric films and the load resistance on the output of the sliding-
mode TENG are investigated.

The variation of the maximum values of the voltage, current, and Pa. across various
resistors and thicknesses of the triboelectric layers are plotted in Fig. 4.8. As shown in Fig.
4.8a, for a constant thickness, the value of voltage increases as the resistor value rises,
reaching its maximum in the open circuit condition. However, the reverse behavior can be
observed from Fig. 4.8b, where the maximum current is obtained in the short circuit
condition. Fig. 4.8c reflects the fact that the average power output is highly dependent on the

load resistance and the thickness of dielectric films. For example, for dyion=dprre=50 pm, the
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maximum Py occurs at R=1 GQ, and its value is almost 1.4 mW. This value increases to

35.7 mW when dnyion=dprre=1000 pum and R=10 GQ. Dot points stand for experimental data

reported in Ref. [61].
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Fig. 4.8: Dependence of TENG’s outputs on the resistor and thickness of the triboelectric

films: (a) voltage, (b) current, and (c) average power output.

Fig. 4.9 reflects the sensitivity of Pae to change in the resistor and thickness of triboelectric
films. The gradient of Pay. in respect to the resistor reaches around 17, while only touching
0.045 in respect of thickness. This investigation clearly demonstrates that the output power of

TENG can be dominantly affected by the load resistance.
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Fig. 4.9: Variation of the average power output in respect to (a) resistor and (b) thickness of

triboelectric films.

Next, the impacts of the contact area on the maximum values of the voltage, current, and
output power of the TENG are examined in Fig. 4.10. Liu et al. experimental results [61] are
shown with dot points on the curves. As expected, voltage, current and average output power
increase with the increment of the contact area. The results indicate that the maximum
voltage is not a function of the contact area in the open circuit condition. However, the
current increases linearly with contact area in the short circuit condition.

The gradient of average power output is calculated in respect of the load resistance and
contact area and the results are plotted in Fig. 4.11. The maximum gradient in respect of the
resistor is greater than 60, whereas the gradient is always less than 0.08 in respect of the
contact area. As clearly evidenced, the resistor is the dominant factor for describing the

behaviors of the sliding TENGs.
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Figs. 4.9 and 4.11 showed that for lower values of the external resistance the variation of

contact area and the thickness of dielectric films have a negligible impact on outputs of the

TENG. However, when the load resistance is in a range of ~100 MQ to ~10 GQ, any change

in the thickness or contact area will significantly affect the TENG’s output. Fig. 4.12

compares the impacts of the contact area and thickness of the dielectric films for different

resistors. The results provided for the dimensionless contact area (4/Amax, Amax=71 cm?) and

thickness (#/tmax, tmax=1000 pm). This figure clearly shows that when R=100 MQ, the average

power output of the TENG is highly dependent on the contact area, and the change of

thickness has insignificant effect. In the case R=1 GQ, contact area is still the dominant

parameter, however the impacts of thickness increase than the previous case. Fig. 4.12c

indicates that the thickness has higher effect on output of the TENG.
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4.5.3 Study of the thickness of dielectric films

The main concept of TENGs is based on the construct of generating electric power from
mobile working conditions, such as human motion. In such conditions, miniaturizing the
system is vitally important. One of the most important parameters of the electrical responses
of TENGs is the thickness of dielectric films. As Eq. (4.9) shows, this geometry has a direct
impact on voltage, current, and then power output of TENGs. On the one hand, as already
mentioned, the basic performance of TENGs is on the ground of the distinct material
properties of dielectric layers. On the other hand, the size and density of dielectric layers
overwhelmingly affect the dimensions and total weight of the system. Thus, for driving
electronics with predetermined power consumption, it is of great significance to choose the
optimum value of thickness.

Here again, we consider Ref. [61], in which an experiment was conducted to obtain the
output of a sliding-mode TENG. The width (w) and length (L) of dielectrics are equal to 0.05
m and 0.071 m respectively. Tribo-charge surface density is set at =200 puC/m?. It is
assumed that the top dielectric film moves in the outward direction with the uniform
acceleration of =20 m/s>. The algorithm is implemented for sliding-mode TENGs working
under different load resistors. Through the experiment in [61], an average power output of 1.2
mW was achieved when R=100 MQ. Then, the aim is to determine the thickness of the
dielectric films to achieve the predetermined average power output, P.,.=1.2 mW. Fig. 4.13

depicts the results of the convergence study for the thickness of the dielectric films.
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Fig. 4.13: Convergence study of the proposed algorithm.

The results of the simulation under different load resistances are presented in Table 4.2.

Table 4.2: Simulation results for the optimum dielectric thickness of different resistor values.

Thickness of dielectrics (num)

Load resistance (M) Weight (gr)
Nylon PTFE
100 107 19.5 5.82
1000 95.8 20 5.38
10000 113 127 14.23
100000 354 375 4291

Fig. 4.14 shows the changes in the optimal thickness of PTFE and Nylon across different
resistors. It is clearly evident that the thickness is almost constant for lower values of R.
However, a sharp increase is found near the open circuit condition. In detail, the TENG’s
output power significantly depends on the match with the resistor. As demonstrated in Fig.

4.8, when the load resistance is low, both collected voltage and the current are almost
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constant, close to the short-circuit condition; the reason is infinitely large inner resistance of
the TENG. For higher values of the R, the calculated voltage increases, while the current
decreases. Therefore, the harvested energy will sharply grow and then drops at higher values
of R. Meanwhile, Fig. 4.8 shows that the average power output can increase with increment
in the thickness. Consequently, the optimality of the system will be almost constant at lower

values of resistance and will increase at open circuit condition.
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Fig. 4.14: Variation of the optimum thickness of dielectric films with resistor.

The curve responses of the transferred charge, current, voltage, power, and harvested
energy of the sliding-mode TENG are plotted in Fig. 4.15. From Fig. 4.15, it is evident that,
as soon as the top dielectric film begins to move outwards, the in-plane charge separation,
current, voltage, output power, and energy of the TENG begin to increase exponentially until
the dielectric layer stops moving. From that moment, the current and output power fall
rapidly. As expected, as shown in Figs. 4.15a and 4.15b, the value of the transferred charge
and consequently the current between electrodes decreases as the load resistance increases.

When the condition is very close to the open circuit condition, i.e., R=100 G, the minimum
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charge is transferred. The short circuit current reaches around 7.5 pA. The voltage curve is
drawn in Fig. 4.15c, from which it is highlighted that the functional values of the obtained
voltage grow as the load resistance rises. In this case, the value of the open-circuit voltage
with R=100 GQ is almost 14000 V. Fig. 4.15d shows the power output of sliding-mode
TENGs. From Fig. 4.15¢, it can be understood that the maximum functional value for power

almost reaches 5.5 mW, but in all cases, P..=1.2 mW. The harvested energy reaches

approximately 0.25 mJ for all resistors.
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Fig. 4.15: Results of different resistors on electrical outputs of dielectric-to-dielectric sliding-

mode NTEGs (a) charge, (b) current, (c) voltage, (d) power, and (e) energy.

126



4.5.4 Investigation of optimal load resistance

Here, the charge surface density, geometries including width, length, and maximum

separation and acceleration rate are the same as in the previous section. For different

thicknesses of the dielectric layer, we aim to determine the load resistance in order to achieve

the maximum value of average power output. The simulation results are summarized in Table

4.3, from which it is evident that load resistance and consequently average power output

increase with the increase in PTFE thickness.

Table 4.3: Optimum load resistance of sliding-mode TENGs for different geometries.

Thickness of triboelectric films (um) Load resistance (M) Average power output (mW)
50 370 1.8
100 716 3.67
200 1470 7.32
300 2215 11
400 2953 14.6
500 3681 18.31

Fig. 4.16 shows the variation of the optimum resistor and the maximized power output for

different thicknesses of PTFE film. As is clearly evident, a linear increase is seen in load

resistance and average power output with an increase in thickness of the dielectric film.
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Fig. 4.16: Variation of optimum load resistance and average power output with the thickness

of the dielectric film.

The time responses of TENG characteristics are plotted in Fig. 4.17. The variations in the
charge and current corresponding to different values of thickness are almost constant, as
shown in Figs. 4.17a and 4.17b. The value of the open-circuit voltage changes with variation
in thickness of films, as denoted in Eq. (4.4). The temporal curve of voltage demonstrates that
its value increases substantially with increase in thickness of the dielectric film. The same
pattern can be found in the power distribution of sliding TENG. In fact, with sliding the top
dielectric layer on the bottom dielectric, the values of current, voltage, and power begin to
increase until the stopping time, at which we have maximum current, voltage, and power.
From that moment, the values of the variables decrease. In Fig. 4.17¢, feedback of the energy

occurs, revealing that its value increases as the thickness increases.
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Fig. 4.17: Effects of the thickness of dielectric film on electrical outputs of dielectric-to-

dielectric sliding-mode TENGs (a) charge, (b) current, (c) voltage, (d) power, and (e) energy.

4.6. Summary
A simulation modeling for sliding-mode TENG was presented to predict and optimize the

harvested energy. Key parameters of TENG encompassing contact area, thickness of
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dielectric films, and external load resistance were considered. Beginning with derived
equations, a merged algorithm of physical solver and artificial intelligence was introduced.
Based on the presented approach, the optimized characteristics of TENG were calculated,
where a good overlap was obtained between the simulation calculations and experimental
data. Most importantly, the numerical investigation revealed that selection of a proper value
for the external resistor could increase the average power output to 18.31 mW at each cycle,
whereas setting appropriate values for the dimensions could decrease the weight to 5.82 g.
The current work presents useful simulation results that support deep understanding of the
correlation between the optimized TENG’s characteristics and harvested energy, opening an
avenue for accelerating the development of sliding-mode TENGs towards self-powered

nanotechnology applications.
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Chapter 5

Rotary triboelectric nanogenerators

5.1. Introduction

In pervious chapter, sliding-mode TENGs was designed to harvest electric power from
periodic reciprocal movements. Another type of motion is the rotational motion. Rotational
motion abundantly available in many human-made rotating environments, such as wheels,
shafts, gears, and bearings, and has served to establish innovative designs to harvest energy
using disk TENGs. The rotary TENGs can be embedded in specific systems to harvest energy
from renewable energy resources such as wind power and the water wave. Especially, blue
energy is a preferred place for the rotary TENGs since river flow and ocean tides are hugely
available. Comparing with sliding-mode TENGs, the rotary design offers some benefits. The
rotary device can operate under high rotational speed, resulting in considerably harvested
power. Meanwhile, an irritating problem with sliding TENGs is its durability. When
triboelectric films are become into physical contact, some wear and deformation is expected.
Here the rotary TENGs can smartly be designed to generate power while working in the non-
contact mode. In such a condition, the longevity of dielectric films and coatings is
substantially extended. To improve the durability and sustainability of the sliding-mode
TENGs, I present theoretical and experimental studies on rotary TENGs in this chapter.

Some attempts have been dedicated to present some designs on rotary TENGs. However, a
systematic theoretical framework in conjunction with an experimental setup is still lacking. In
essence, structural parameters and operating conditions of disk-shaped TENGs significantly
affect the generated energy. Hence, the development of a general analytical platform for

determining these parameters is of great importance for performance improvement.
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The scrutinized design for rotary TENGs can effectively be used for random energy
harvesting, particularly for blue energy purposes. To address this need, considering the
electric specifications, geometry, and charge conservation law, the dynamics of rotary
TENGs are extracted. A merged algorithm of advanced mathematic solvers and optimization
theory is presented. This study introduces the characteristics of rotary TENGs at which the
highest generated energy can be scavenged. The theoretical investigation is well matched
with experimental data, the output of TENGs is predicted under various working conditions

and optimized functional values for structural parameters are assigned.

5.2. Theoretical principles of rotary TENGs

Here, the operation principle of the disk TENG is described. Usually, polymers, which are
considered waste material in energy scavenging terms, are used in TENG structures. Nylon
66 and PTFE belong in opposite spectra of the triboelectric series, so we choose these

materials as triboelectric layers.

5.2.1 Mechanism of operation for rotary TENGs

A schematic drawing of the rotary TENG is presented in Fig. 5.1a. For simplicity, the energy
generation process is schematically drawn on one segment of each triboelectric film. Initially,
the Nylon serves as a rotating element and is in full physical contact with the PTFE, which is
considered a stationary element. Because of the difference in triboelectric polarities, the
triboelectric effect leaves net positive and negative charges on the surface of the Nylon and
PTFE, respectively. This phenomenon is shown in Fig. 5.1b. Then, the two triboelectric films
are brought apart, as depicted in Fig. 5.1c, after which the cycle of energy generation can
begin. The energy is harvested through a cycle that includes four different steps. In the initial

condition, the Nylon and PTFE have some charges at their surface, as shown in Fig. 5.1c. As
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soon as the Nylon segment begins to rotate, a flow of electrons transfers from the top
electrode to the bottom electrode, leading to an output of current in the reverse direction, as
shown in Fig. 5.1d. This stage continues until the top substrate is entirely in a nonoverlapping
condition, as shown in Fig. 5.1e, corresponding to the maximum expected charge. Next, the
Nylon film moves toward the adjacent segment of PTFE after which electrons flow from the
bottom electrode to the top electrode, resulting in a current in the opposite direction, as
shown in Fig. 5.1f. The process continues until the Nylon segment returns to its initial

position.
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(b) Initial physical contact of dielectrics

+++++++++++

(c) Separation of the top dielectric film (d) Rotation outwards of the top layer

O
1

(e) Full separation of dielectric layers (f) Rotation towards adjacent segment

Fig. 5.1: Operating mechanism of rotary TENGs: (a) schematic view, where 6y and 6
represent the segment and rotation angles in radian, and N, 4, and o stand for grating number,
tribo spacing, and rotational speed, respectively, (b) initial physical contact of dielectrics, (c)
separation of dielectric films, (d) rotation outwards, (e) full separation of segments, and (f)
rotation towards the adjacent segment. (Note: Figures (b-f) show the cross-sectional profile of

one segment of a rotary TENGs.)
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5.2.2 Experimental setup

In the experimental setup, PTFE and Nylon with thickness of 250 um were prepared as
dielectric films because of their opposite positions in the triboelectric series. First, materials
were cut with a laser cutting machine. The inner and outer radii of the dielectric counterparts
are 5 mm and 50 mm respectively, and the thickness is 250 um. Then, materials were twice
washed with ethanol carefully to eliminate any undesired agents from the surface. For the
coating process, sputter coater (Q300T-D, Quorum, UK) was used to coat the gold with a
thickness of 200 nm and the chromium with a thickness of 50 nm at contact and electrode
surfaces respectively. Next, the wires were aligned in all segments to guarantee all transferred
charge will be collected.

In order to provide the substrate, 3D printing was applied to generate a disk-shaped
substrate in accordance with the size of the materials. Then, the dielectric materials were
fixed on the substrate with conductive adhesive. It is also noted that a brush and slip rings
made of copper flakes were designed to collect the transferred charges between electrodes.
Scanning electron microscopy (SEM, Inspect F50, FEI, USA) compared the contact surface
before coating and after 10,000 cycles, as shown in Figs. 5.2a and 5.2b. In this case, the
rotational speed was 400 rpm, and the tribo spacing was 0. Figs. 5.2c and 5.2d show the
experimental setup and the row of serially connected LEDs successfully lit up. The stability
of the output power of the rotary TENGs was depicted in Fig. 5.2e. The figure shows an
acceptable output power after 10,000 cycles. The drop in the output power is almost 5% after
10,000 cycles. The major reason for this decrement is the fact that the coated gold in the

interface of dielectric materials can be removed during the rotation.
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0.359 mW

500 cycles 5,000 cycles 10,000 cycles

Fig. 5.2: SEM images of the surface (a) before and (b) after contact rotation for 10,000
cycles, (c¢) photograph of the device, (d) driving serially connected LEDs, and (e) the output

power of rotary TENGs after undergoing some cycles.
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5.2.3 Fundamental mathematics of TENGs
As already mentioned, the relative rotational motion between triboelectric films leads to an
output current through the external circuit. Then, it is of great importance to analyse the
resistive load output characteristics. Here the fundamental formulation of the rotary TENG is
presented, based on the structural parameters. It should be pointed out that when the rotary
TENGs (with different N) rotates a whole cycle, i.e. 360°, the value of the contact area is
different. To meet this issue and have a base for comparison purposes, formulations and
results are presented for a segment angle (6=[0-26y]), as depicted in Fig. 5.1. In this way, we
can compare the results for different geometries.

The resistive analysis can be performed by a combination of the general voltage-charge

(V-Q) relationship and Ohm’s law as below [61]:

do -1
V=R==""0+7, 51
i CQ oc (5.1)

where R, C, and V,. are the external resistor, capacitance value, and open-circuit voltage
respectively.

The thickness of the triboelectric films is significantly negligible in comparison with other
directions, then the theory of parallel plates can be used to present the formulation for

capacitance, as below:
&4
CcC=2" 5.2
] (5.2)

If &7 and &, account for the permittivity of the dielectric layers, the capacitance of the TENG
can be expressed as:

_ &4
by, (53)
& &

C

where 4 is the total contact area of all segmentations, and &y shows the vacuum permittivity.
The above formula gives a good approximation for capacitance. However, the edge effects
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have been ignored. Considering the position of the top triboelectric layer, the contact area can

be calculated:

_ (6, _9)(7'22 _’"12)

A 5 , 0<86,
@-0)(r; -1 G4
A= 02 ] , 0>6,
2
or simply:
2 2
|G =0l6s - ) 5.:5)
2
where || returns the absolute positive value.
Next, we need to find short circuit transferred charges (Qs) and V.
Osi can be obtained through [194]:
Qsc = Qsc,n - Qi (56)

where Q; and Qs.» account for the transferred charges in short circuit conditions at 6=0 (Fig.
5.1c) and a certain angle 6#0 (Fig. 5.1d). O; is the same with the short circuit charge of a

contact-separation TENG [62], then we have:

_ Naheo(rz2 _’/12)

0=
2 b (5.7)
gl 82

If 8 < 6y, the charge density on the electrode in overlapped and nonoverlapped can be written

as:
o,=0 for non—overlapped region
o, = __oh for overlapped region (5.8)
4 4
(—+—=+h)
& &

Then, Qsc» can be estimated by:

NOGE =1) | NG, =0)05 =)
2

. ; (5.9)

Qsc,n = Gl
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Combining Egs. (5.8) and (5.9) will yield:

N+ )9 4 0,2 — 1)
g &

O = : 5.10
’ 2(ﬂ+£+h) e
&

&

If 8p < 6 <26y, we have the same scenario. The result will be described:

No{(26, —9)(‘j+‘f> FORYE 1)

O..= — (5.11)
2(é + 9 +h)
81 82

Putting Egs. (5.7), (5.10) and (5.11) in (5.6) will result in short circuit charge:

Noo(h+ iz i)

Qsc = 66‘11 i‘; 2 9 < 00
2(L+=2+h)
51 82
4 d (5.12)
No(20,-0)(~-+-2)(ry —1")
Q.= y; g‘d = ,  6,<0<20,
2(-1+"2+h)
(91 82
The current is the derivate of the charge with respect to time, then we have:
e
dQ dt & &
I =—%= , 0<6,
dt 2(i + 9 +h)
foe (5.13)
No TCD Oy Doyr 2y
I = td ‘2 % . 0,<0<20,
2(-L+"2+h)
& &

where o=d6/dz.
Now we have the expression for capacitance (Eq. (5.3)) and short circuit charge. The

open-circuit voltage can easily be calculated:
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c7¢9(é + ﬂ)
& €

VOC S S A , o< @0
‘90(00 —0)
4 d (5.14)
(20, ~0)(“1+ %)
V. = 5% 0 g<0<20,
&,(0-6,)
Here the fundamental formula for rotary TENG can be summarized as:
i 09(ﬂ +£)
y-r%_ 9 ——+ 5 % , 6<6,
i~ 16,-0(Z-5) &(6,-9)
o
2
4 + 4 +h
81 82
i d (5.15)
] o(26,-0)(“ + %)
y-r%_ 9 ——+ 5 & 6, <0<26,
dt |‘90_'9|(”2 —n) £(0-6,)
2
2
4 + 4 +h
81 82

Since the output power of TENG varies with respect to time, the average power is used in our

calculations:

IOT Vids jOTRlzdt
ave T = T

t t

(5.16)

where 7; is the period.

5.3. Solution strategy

The energy generated through the triboelectrification process depends highly on its materials,
geometry, and kinematics. In this study, the effects of geometry and kinematics on output
power are investigated. In engineering and physics circles, artificial intelligence plays a vital
role in the reduction of hidden marginal costs and the augmentation of inherent

characteristics of any problem. Recently, we implemented a new algorithm into a large-scale
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engineering problem in order to increase the energy harvested by piezoelectric materials
[195]. The process is depicted in Fig. 5.3. The proposed algorithm presented better results in
comparison with other artificial intelligence approaches [195].

Here, the algorithm is used to analyse the TENG’s output. It has been formulaically shown
that the scavenged energy of rotary TENGs depends highly on the grating space, angular
velocity, tribo-spacing, and external resistor. The algorithm encompasses the grey wolf as a
recently elaborated intelligent method in parallel with different mathematical strategies to
meet the fundamental mathematics. The artificial intelligence and the governing mathematics
were coded in MATLAB. The algorithm is initiated with the geometry and dimensions as
well as the materials and electrical specifications. This artificial intelligent method was
originally inspired by the hunting mechanism of grey wolves. Based on some mathematical
theory and leadership hierarchy, it undergoes three steps: searching for prey in the search
space, surrounding the prey, and attacking the prey. The algorithm is supposed to pass
through iterations at which all local and global results are compared in order to introduce the
best solution. Meanwhile, two mathematical solvers meet all differential and integration
equations in every step of each loop. The simulation process analyzes the impacts of the
design variables and identifies the best results at which the maximum energy can be
harvested. Details of the simulation process were presented in the previous chapter.

The proposed algorithm offers some benefits to TENGs. First, the algorithm is a general
platform and can easily be implemented to analyze the rotary TENGs in various shapes and
working conditions (from human-made rotating environments such as turbine shafts to
natural power sources including wind and blue energy). In fact, there is no limitation with
initial and boundary conditions or geometries. Furthermore, the artificial intelligent method
embedded in the algorithm is highly capable of engaging with any prediction and

optimization study, introducing the algorithm as a time and cost-effective approach. It should
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be noted that the presented algorithm does not get stuck into the local optimization regions,
which is the most common issue for many artificial intelligent methods.

It is of the great importance to noted that the outputs of rotary TENGs can considerably be
affected by edge effects through two ways: attributing a very large value to a grating number,
and also opting a small value for L/d where L is the arc length of the disk and d is the
thickness of the dielectric materials. In detail, the edge effects make some interactions
between two adjacent segments. This leads to a substantial decrease in the sensitivity of the
potential variation in response to the rotation. Consequently, a significant drop can be seen in
the output of the TENGs. In order to avoid this undesirable phenomenon, a large value of L/d
is selected in our calculations. In this study, a large value of L/d=125.6 (/=5 mm, »>=50 mm,
d=250 pum) is chosen to avoid all negative edge effects. Also, a maximum grating number of

32 is chosen to avoid the interactions between adjacent segments [72, 196].
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Fig. 5.3: Flow chart of the proposed algorithm for characterizing the contact-mode TENGs.

5.4. Results and discussion

5.4.1 Evaluation

Here, a study is conducted to evaluate the accuracy of the presented simulation. The
algorithm is implemented to simulate a reported experiment by Jiang et al. (2016) [197]. This
reference was chosen due to some reasons: (i) the experiment was fully described in detail,

(i) all detail of material, in particular surface charge density, were mentioned in the
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publication, (iii) the geometry was fully explained by authors. As mentioned in the
experimental setup, Al and PTFE, each 100 um thick, are used as the dielectric films. Also,
the inner and outer radii are 5 mm and 50 mm respectively, and the number of gratings is 4. It
is assumed that the bottom dielectric layer is fixed while the top part rotates at a constant rate.
The curves of short-circuit current and open-circuit voltage are plotted in Fig. 5.4. The short
circuit current has been collected under a constant rotational speed of 275 rpm, while the
open circuit voltage has obtained at 900 rpm. From application of the proposed algorithm, the
calculation is presented and the results for current and voltage are plotted in Fig. 5.4. It is
obvious that the results of the current simulation overlap very well with the reported
experimental data.

Fig. 5.4a shows a square waveform for distribution of the short circuit current. As was
formulated, the short circuit charge has a linear relationship with angle of rotation (6). In fact,
the driving force of this transferred charge is electrostatic force from the triboelectric charges.
This driving force produces a specific transferred charge between metal electrodes. When R
is very small (near to short circuit condition), the real transferred charge can catch up with
this specific transferred charge. Hence, close to short circuit condition, all current curves are
similar and have a uniform distribution. However, for higher values of resistor, distribution of
QO will deviate from the short circuit curve. This phenomenon happens because the resistor
limits the transferred charge speed. Then, the transferred charge cannot catch up with that
specific charge transfer rate. In this case, the charge accumulation is slowed down, and more

time is required for Q to get saturated.
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Fig. 5.4: Comparison of results obtained for (a) current and (b) voltage with those of Ref.
[197] with inner and outer radii of 5 mm and 50 mm, grating number of 4, triboelectric layers

thickness of 100 um and tribo spacing h of zero.

Next, a comparison of the simulation outputs with those of our experimental results is
presented. As in the previous evaluation, one dielectric part acts as the stator while another
rotates around the central axis of the TENG with ©=400 rpm. The properties of the dielectric
films consisting of Nylon and PTFE are listed in Table 5.1. The dielectric layers are of equal
thickness of d;=d>=250 pm and the inner and outer radii are 5 mm and 50 mm, respectively.
The TENG has four segments, and the tribo spacing is equal to 0.

As a critical step in triboelectrification-based energy harvesting, all basic properties
should be determined before any further experiment and calculation. This basic information
is required through next steps. In particular, surface charge density is the most important
property of the TENGs needed to be measured at first. This parameter would be the input in
our simulation process as well. Surface charge density can be found by taking the integration
of the short circuit current versus the time. In order to obtain more accurate results, the

surface charge density (o) is calculated based on a whole rotation, i.e., 360 degrees, and an
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average value is presented. Fig. 5.5 shows the current cure of rotary TENG extracting from

the experiment.
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Fig. 5.5. Temporal response of the current for a whole rotation.

The geometry of the dielectrics is an annular disk, then the area can be calculated as:
S=n(r2>- 11)/2=0.0039 m?
Now the surface charge density can be found:

0=0/S=5 uC/m?.

Table 5.1: Material properties of dielectric films [61].

Parameter Value
p (kg/m?) 1150
Nylon
E 4
p (kg/m?) 2200
PTFE
E 2
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Theoretical results and experimental measurements are shown in Fig. 5.6. The responses
of the current and voltage of the rotary TENG are plotted in Figs. 5.6a and 5.6b for R=1 GQ.
As is evident, the simulation outputs follow the experimental data closely. When compared
with other theoretical models of TENGs, the current study presents acceptable results [198-
202]. The difference between theoretical model and experiment stem from a few sources.
Thorough modeling and full contact between dielectrics were assumed. However, because of
the shaking and high-speed rotation, is almost impossible to achieve perfect contact in the
experimental setup. Also, some ideal assumptions were applied in the theoretical study,
including negligible thickness of the dielectrics and absence of electrostatic influences from
the environment, features that do not occur in reality. Figs. 5.6a and 5.6b shows a similar
pattern for the current and voltage. The reason for this behavior is the fact that the produced
voltage is proportional to current based on the Ohm's law. A similar pattern has been
presented in references [194, 203, 204]. The maximum values of the current and voltage
versus different external loads were calculated and results are depicted in Figs. 5.6¢ and 5.6d,
where it is evident that the simulation pattern matches the measurements from the experiment

reasonably well.
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Fig. 5.6: Comparison of the simulation results with our experimental results (a) temporal
response of the current for R=1 GQ, (b) temporal response of the voltage for R=1 GQ, (c)
maximum obtained current, and (d) maximum obtained voltage. The geometry parameters are

r1=5 mm, =50 mm, N=4, d;=d>=250 pm, and h=0.

5.4.2 Prediction and sensitivity analysis of TENG

In the previous section, it was demonstrated that the presented strategy could effectively
simulate the real working condition of the rotary TENGs. Creation of the experimental setup
for all loading conditions, materials, geometries, and kinematics would be excessively time-

consuming and would impose high costs. But it is of great importance to simulate the output

148



patterns of TENGs under various working conditions. Here, we present the average power
output of the rotary TENG across different resistors, kinematics, and geometries.

By assigning different values to the tribo spacing, number of gratings, and velocity, the
variation of Pay. 1s plotted and shown in Fig. 5.7. From this figure, appropriate values for N,
h, and @ can be assigned based on the required power. The Pa. can reach almost 1.2 mW,
when N=20. These figures show that, when short-circuit and open-circuit conditions are
approached, the TENG’s power drops significantly, because of the very low voltage and
current in short-circuit and open-circuit conditions respectively. However, an optimum
resistance happens within a specific range of R, i.e., R~[10-104 (MQ)] where the output
current and voltage are significantly changed.

The dot points in the figures shows the experimental data. The rotary TENGs variables,
including N, w, and & were taken into consideration and the experiment was separately
conducted for each variable versus various variation of the load resistance. It means when a
variable is measured through the experiment, all other variables are assumed to be constant.
On dielectric film was fixed on the substrate while another dielectric layer rotates. In all
experiments the inner and outer radii are ri=5 mm, =50 mm. As can obviously be seen, the
simulation excellently predicts the experimental data.

Results demonstrate that the average power output increases as the grating number rises.
When the grating number increases, the TENG device will get a fine pitch, which leads to
increment of the number of charge transfers in a whole cycle, resulting in enhancement of the
current. Hence, the value of the output power increases. Also, it should be noted that the
power is dominantly affected by the short circuit current and open circuit voltage. According
to Eq. (5.13), the short circuit current increases rapidly as the grating number increases. This
phenomenon makes the optimum average power output occurs at a lower load resistance as

the grating number increases. A similar trend can be found in the case of the angular velocity.
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It can be interpreted by considering the linear relationship between the short circuit current
and the angular velocity. The larger mechanical energy delivers a higher current output,
leading to larger values of the generated power. Moreover, it can be found that the average
power output increases at a constant load resistance as the tribo-spacing decreases, and the
location of the optimum resistor shifts towards the lower values. This phenomenon happens
because the rate of the transferred charges is inversely proportional to the tribo-spacing,

demonstrated in Eq. (5.13). The higher tribo-spacing, the less transferred charges and current.
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Fig. 5.7: Dependence of TENG outputs on the resistor and (a) angular velocity, (b)
tribosurface spacing, and (c) number of gratings. Dot points represent the experimental data
obtained in this study with r1=5 mm, =50 mm, di=d>=250 pum, angular velocity of 100, 300,

500 and 700 rpm, h of 0, 0.5 and 1 mm, and N of 2 and 4, respectively.
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As can be found in Fig. 5.7, changes in design parameters can significantly or slightly
affect the Pave. Then, it is of interest to know which parameters can dominantly affect the
TENG’s generated power. To reveal this, a sensitivity analysis is performed, with the results
depicted in Fig. 5.8. As Fig. 5.8 shows, the variation of the output power in respect to the
load resistance reaches a maximum value, and then drops to its minimum value. This
quantitative data demonstrates the fact that the load resistance is the dominant variable
affecting the rotary TENG’s output, respectively followed by the tribo-spacing, grating
number and angular velocity. In real applications, the TENG device is connected to
electronics and the provided data can help with choosing proper specifications, particularly

resistor.
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5.4.3 Study on grating number
As it was shown in the last section, the grating number significantly affect the rotary TENG’s

power output. Here we consider various grating numbers and introduce the optimum resistors
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at which the most energy can be harvested. It is assumed that the top dielectric rotates at a
constant angular velocity, i.e. =400 rpm. Considering different grating numbers, the

algorithm is implemented for rotary TENGs. Fig. 5.9 depicts the results of the convergence

study for R and Pave.
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Fig. 5.9: Convergence study of the proposed algorithm.

The optimized characteristics of the TENG are presented in Table 5.2.

Table 5.2: Optimum outputs of rotary TENGs for different values of the grating number.

Optimum resistor Average power Harvested energy in
Grating number
MQ) output (mW) one rotation (mJ)
4 165.82 0.359 0.054
8 153.46 0.610 0.092
16 60.57 1.370 0.206
32 37.74 2.462 0.369
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Fig. 5.10 shows the optimum resistors and relevant harvested power across different N. It
is clearly evident that the average power output increases linearly with increment in the
grating number. However, the optimum values of load resistance show a decreasing pattern.
In fact, rotary TENGs work based on the transferred charges between electrodes. The reason
for this charge transfer is the change in the contact area between dielectric films. When the
TENGs consist of more segmentations, it means the change in the contact area increases. In
other words, the frequency of the TENG system rises with increment in grating number.
Furthermore, this phenomenon can be explained by the presented formulations. As was
demonstrated, the value of the transferred charges is linearly proportional to the grating

number. The more segmentations, the more transferred charges.
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Fig. 5.10: Results of optimized average power output and resistors for different V.

The curve responses of the transferred charge, current, voltage, and output power of the

rotary TENG are plotted in Fig. 5.11. This figure shows that increasing the N will result in

higher values of the current and voltage. In particular, the maximum point on the current
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curve surges from 5 pA at N=4 to approximately 30 pA at N=32. The pattern of the output

power sharply
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Fig. 5.11: Impacts of the grating number on electrical outputs of rotary NTEGs: (a) charge,

(b) current, (¢) voltage, and (d) power.

5.4.4 Investigation on the angular velocity

Angular velocity is another important parameter in rotary TENG. In this section, for different

values of w, we aim to determine the load resistance in order to achieve the maximum value
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of average power output. The simulation results are summarized in Table 5.3, from which it

is evident that load resistance and consequently average power output increase with the

increase in PTFE thickness.

Table 5.3: Optimized specification of rotary TENGs for different angular velocity.

Angular velocity Optimum resistor Average power
(rpm) (MQ) output (mW)
100 697.87 0.068
400 165.82 0.359
700 87.30 0.565
1000 73.24 0.794

Fig. 5.12 shows the variation of the optimum resistor and the maximized power output for
different w. Similar to the previous, a linear increase is seen in the curve of the average power

output while a decreasing behavior can be found in the pattern of the resistor.
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The responses of rotary TENG with optimized characteristics are plotted in Fig. 5.13. The
curve of current demonstrates that its value increases substantially with an increase in angular
velocity. The same pattern can be seen in the power output of the TENG. In fact, with the
movement of the top dielectric layer on the fixed bottom dielectric, the values of current,
voltage, and power begin to increase until the entire separation, at which we have maximum

current, voltage, and power. From that moment, the values of the variables decrease.
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Fig. 5.13: Effects of angular velocity on electrical outputs of rotary TENGs: (a) charge, (b)

current, (¢) voltage, and (d) power.
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5.4.5 Investigation on the tribo-surface spacing

Generally, one of the major issues with TENGs is the durability of the device under working
conditions. The triboelectric films and coatings experience some damages when device is
used for a long time, as it was observed in the sliding-mode TENGs. To meet this
bottlenecking problem, rotary TENGs with non-contact working mechanism was fabricated
to guarantee an extended long-life. The triboelectric layers are charged during the initial
physical contact. Then, dielectrics are separated and rotations can frequently induce charges
on the top and bottom electrodes. In this condition, device presents much more longevity;
however, the harvested power drops as the tribo-surface spacing increases (Table 5.4).
Meanwhile, the rotary design is capable to undergoes high rotational speeds. In this case, the
frequency of the TENGs can considerably be increased, resulting in a sustainable average
power output. Finally, the impacts of tribo-spacing on the TENG’s output are investigated.
Harvested average power output versus different tribo-spacing values is shown in Table 5.4
and its distribution is plotted in Fig. 5.14. As can be seen, for higher values of h, a greater

resistor value is necessary to scavenge more power.

Table 5.4: Optimized results for different tribo-spacings.

Tribo Spacing (mm) Optimal resistor (M) Average power output (mW)
0 165.82 0.359
0.4 486.45 0.084
0.8 874.56 0.050
1 1047.12 0.042
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The optimized curves of charge, current, voltage, and power of TENG are depicted in Fig.
5.15. These figures show that for the contact mode of the TENG, the transferred charge and
consequently the current are considerably higher than for the non-contact mode. Similar
behavior is evident in the case of power distribution. Although the output power is less in the

non-contact mode, its longevity is higher than that of the contact mode, due to the movement

without friction.
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5. Concluding remarks

In this work, the theoretical model and experimental setup of the disk-shaped TENG was
investigated. Considering the electric and geometric conditions, the theoretical model was
developed, and the dependency of the generated energy on structural parameters was
analyzed. The optimal distributions for the charge, voltage, current and harvested energy
were plotted. It was found that the harvested energy for optimized rotary TENG can surge to

0.369 mJ in one cycle. The presented paradigm for rotary TENGs can significantly enhance
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the applicability of the current TENGs for sustainably renewable energy utilization from the

rotating environment.
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Chapter 6

Conclusion and Future plans

6.1 Conclusion

The aim of this thesis was to develop advanced energy harvesting approaches including
piezoelectric and triboelectric based nanogenerators. Since piezoelectrics perfectly respond to
the applied pressure and temperature motivations, FGMs piezoelectric shells were introduced
to increase the harvested energy. Based on variation of the properties thorough the geometry,
the material elements of the media were appropriately functionalized, resulting in a high
value of stored energy in the system. An increment of 75% in the stored energy was reported
in conjunction with almost 10% reduction in the weight. Comparing with a homogeneous
piezoelectric-based energy harvesting system, an inhomogeneous design can deliver 50%
more electric potential.

To meet deficiencies of piezoelectric energy harvesters, in particular low-current output
and expensive materials, in the next stage, thesis shifted to triboelectric-based energy
harvesters. A cost-effective sliding TENG was fabricated. Based on the mathematical
modelling and artificial intelligent approaches, a simulation platform was developed,
predicting, and optimizing the output power of sliding-mode TENGs under various working
conditions. The efficiency of the suggested algorithm was proved by comparing the results
with those of the experimental data. A short circuit current and open circuit voltage of 0.9 pA
and 150 V was observed during the experiment, which was enough to light up a row of
LEDs. Thorough sensitivity analysis, the impacts of the thickness of the triboelectric films,
contact area and resistor were investigated. It was found that the external load resistance is

the dominant design parameter affecting the TENGs output power. Furthermore, as the
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thickness of dielectrics increases, the optimum resistor shifts towards the open circuit
condition, while shifting towards the short circuit condition in the case of increment of the
contact area. The results demonstrated that the proposed sliding-mode TENG can harvest
0.25 mJ at each cycle where the weight is only 42.91 g.

In sliding-mode TENGs, triboelectric films physically touch each other, then the durability
is a critical issue. To meet this challenge, application of rotary TENGs in energy scavenging
systems was explored. The dielectric layers are physical contacted firstly, then rotate
separately. Such a design can extend the longevity of the materials and coatings. In parallel
with experimental setup, a theoretical study was presented to predict and optimize the trend
of the disk-shaped TENGs. This configuration had capability to be embedded in energy
harvesting purposes for blue energy and wind power. An iteration-based optimality system
was developed to present high-output rotary TENGs. Simulation results excellently followed
that of the experiment. A peak of 0.6 pA and 30 V was obtained for short circuit and open
circuit voltage, respectively. Throughout the experimental and theoretical exploration, it was
concluded that the power generated by rotary TENGs has been significantly changed by
variation of the number of segments, rotational speed, and tribo-surface spacing. Increment of
frequency and segments led to increase of harvested power. However, a reversed behaviour
was observed in case of tribo-surface spacing. Moreover, sensitivity analysis introduced the
tribo-surface spacing as the dominant parameter for rotary TENGs. The optimized

characteristics successfully delivered a harvested energy of 0.369 mJ at each cycle.

6.2 Future plans

TENG devices still require more attempts to improve the output power and its adaptability

with storage systems. Some suggestions are given in this field.
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6.2.1 Improvement in generated current

As discussed in this thesis, in micro/nano scales TENG devices provide relatively higher
voltage and current output than other energy harvesting strategies. The output voltage is quite
acceptable. However, the generated current is still low because TENGs have a high
impedance. One possible solution lies at heart of improving the surface charge density. To
enhance the charge density, some ideas were generated including: employing a composite
structure for triboelectric film [205, 206], chemically modifying the friction surface [207-
209], and bypassing the air breakdown [210, 211]. However, the output current is still low

and needs to be enhanced through future studies.

6.2.2 Hybridization of TENGs

Integration of TENGs and energy storage systems is of the great importance for driving
portable and wearable electronics. The harvested power is higher than that of each energy
scavenging method because of the cooperative operation. A few studies were conducted to
show the applicability of the hybridization through coupling electromagnetic-triboelectric
nanogenerators [196, 212, 213]. The hybridized nanogenerator sustainably generates power
to drive biomechanical and self-powered electronics. This field really needs more studies on
the concept, design, materials, and integration techniques, leading to introduce high-output

TENGs integrated with high energy storage capability.

6.2.3 Bulk energy generation

Almost 72% of the earth’s surface is covered by ocean. The wave energy is the most
abundant source of renewable and clean energy, which can potentially revolutionize global
energy scheme. Due to low-economic issues, traditional technologies rarely touched this area.

Electromagnetic generators dominantly generate electricity from wave energy. However,
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heavy magnet, seawater corrosion, and low-efficient turbine are annoying challenges. Some
prototypes were reported to scavenge the water wave including enclosed TENGs [214-216],
wavy-electrode [217, 218], and spherical design [219, 220]. The fabricated devices
successfully drive small electronics. However, for macro scale networks of TENGs are
required to harvest blue energy. To meet this idea, some issues should be figured out
including connecting TENGs together, transferring the harvested power to land, durability of

TENGS to perform in seawater, and so on.
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