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ABSTRACT

Recent advancements in sensing technology and wireless communications have
accelerated the development of the Internet of Things (IoT) and wearable sensors. An
emerging trend self-powered wearable devices, which eliminates the necessity of the
user to carry bulky batteries. In this work, the development of a flexible piezoelectric
energy harvester that is capable of harvesting energy from low-frequency vibration is
presented. It was designed with a cantilever structure of PET/AZO/Ag layers in ds3
mode which can generate large output voltages with small displacements. Aluminium
doped to ZnO (AZO) piezoelectric layers was chosen due to its low deposition
temperature and no requirements of post-deposition annealing and poling compared to
other materials. Two significant design parameters were chosen, namely the effect of
the gap between electrodes and the number of interdigitated electrodes (IDE) pairs to
the output voltage and resonant frequency. These two parameters have been simulated
using a finite element simulation tool named COMSOL Multiphysics. The device was
then fabricated by sputtering the AZO thin film followed by screen printing of the silver
IDE pairs. The sputtered AZO on PET showed c-axis orientation at 002 peak with 20
values of 34.45° which indicates piezoelectric behavior. The average measured ds3
constant value was 1.8 pC/N. The energy harvester was capable of generating 0.867
Vrms output voltage when actuated at 49.6 Hz. This indicates that the AZO thin films
with printed silver electrodes have the potential to be used as a flexible, d33 energy
harvester for wearable sensors.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION

Research and development of renewable energy harvesting (EH) technologies began
during the early 21% century. From then on, numerous EH technologies have progressed
and even successfully turned into hardware prototypes to serve as a proof of concept
(Tan 2011). Many researchers have spent a significant amount of time and efforts to
find new and realistic ways to harvest energy from solar (Y. Zhou et al. 2018), light
(Carvalho and Paulino 2014), thermal (Sultana et al. 2018), and kinetic energy (Magno
et al. 2018) to a desired usable energy. Usage of EH improves the sustainability of low-
power electronic devices such as smart wireless sensor networks, smart mobile gadgets,
and yields better operational lifetimes. Venture capitalists and industrial players are also
getting involved in EH technologies for business development and commercialization.
Current energy sources like the battery are bulky, hazardous, and not environment
friendly. Hence, EH is a promising solution since it harvests renewable energy from the
ambient environment and will be utilized as energy storage devices for particular
applications (Tan 2011). EH technology has potential in various applications ranging
from health, structural health monitoring, agriculture, to localization, logistics, and
security (Tentzeris, Georgiadis, and Roselli 2014). Examples of energy sources include
solar (H. Wang et al. 2015), thermoelectric (Y. Yang et al. 2012) ambient vibration
source (H. S. Kim, Kim, and Kim 2011), and radiofrequency (RF) (Visser and Vullers
2013). The solar cell is limited due to the time and its location (Jiang, Polastre, and

Culler 2005)(Roundy et al. 2003). For the thermoelectric device, it is hard to achieve



the desire temperature gradient due to its small size (Bottner et al. 2004). Therefore, the
vibration source can be considered as a potential candidate for the EH device. The
vibration sources can simply benefit from ambient vibration sources such as from car
engine compartment, clothes dryer, blender casing, and even from walking or running
activity (Roundy, Wright, and Rabaey 2003).

Converting energy from mechanical excitation typically involves three
transduction mechanisms: electromagnetic (Li et al. 2013), electrostatic (Boisseau,
Despesse, and Ahmed 2012), and piezoelectric (A. A. M. Ralib et al. 2011). The
electromagnetic EH is capable of generating high power through the induction of the
magnetic field within the device schemes. However, due to miniaturization, producing
amagnetic field with a micro-electromechanical system (MEMS) is not a direct process,
it requires external voltage sources and a high frequency (Meninger et al. 2001), (Oza
et al. 2007). The electrostatic EH also can produce high energy density, however, it still
requires a polarizing charge or voltage for initial excitation (Beeby, Tudor, and White
2006).

Piezoelectric EH device provides a promising solution for wearable energy
harvester. This is because the piezoelectric energy harvester is capable to directly
convert vibration sources into usable energy in both macroscopic and micro-scale
applications (Choi et al. 2006), (Paradiso and Starner 2005). It is also considered as the
simplest EH type that can be used for fabrication as it does not need to have additional
components and complex geometry (Paradiso and Starner 2005). Compared to other
types such as electrostatic and electromagnetic transducers, the piezoelectric EH has the
highest energy densities (A. A. M. Ralib et al. 2011). The current piezoelectric EH
mostly has a rigid and brittle structure which is not suitable for the wearable device.

Hence, this study will discuss the development of flexible piezoelectric EH that is



suitable for wearable device applications. The flexibility of the piezoelectric energy

harvester is a must to ensure the user's comfort.

1.2 PROBLEM STATEMENT

Numerous technological advancements in terms of reduction of power, size, and cost in
the field of integrated circuit technology have catalyzed the rapid evolution of wearable
devices. Unfortunately, these new advancements are still constrained by the current
battery technology which creates expensive, bulky, and short lifespan devices. A
promising alternative is a vibration EH where it has the potential to harvest ambient
energy sources. There are a few methods of vibration EH such as electrostatic,
electromagnetic, and piezoelectric. However, electrostatic EH requires external voltage
sources and a high-frequency vibration while electromagnetic EH has a complex
configuration and very difficult to reduce down its size. Piezoelectric EH might be a
solution since it is considered the simplest energy harvester type as it does not have
additional components and complex geometry and also capable of delivering high
output voltage. Lead zirconium titanate (PZT) is among the famous piezoelectric
materials since it is the most effective due to the high piezoelectric coefficient.
However, PZT material is not environmentally friendly and the current trend of the new
technology nowadays is emphasizing the lead-free product. Other than that, PZT
material is also not flexible, needs poling, and not suitable for the wearable device.
Some other piezoelectric materials such as AZO have been also studied as a potential
alternative to the PZT. AZO also is a piezoelectric material that does not need post
poling and can be deposited on a substrate using various methods such as sputtering,

chemical vapor deposition, sol-gel, etc (Kolev et al. 2017). Hence, AZO can be



sputtered on a flexible substrate such as Polyethylene terephthalate (PET), Polyimide

(PI) film, etc to give comfort to the users of the wearable device.

1.3 RESEARCH OBJECTIVE
This thesis is focused on the development of a flexible piezoelectric energy harvester

that can be used for the wearable device. The objectives of this research are:

I.  To design, simulate, and fabricate a prototype of the flexible
piezoelectric energy harvester.
II.  To optimize the key parameters that maximize the power output of a
flexible piezoelectric energy harvester.
III.  To wvalidate the design of the fabricated energy harvester using

experimental measurements.

1.4 RESEARCH METHODOLOGY

In this thesis, the research methodology will be sequentially elaborated in this section.
The research methodology starts with the literature review of the piezoelectric energy
harvester. Then the design of the piezoelectric energy harvester is proposed. Next, the
finite element simulation of piezoelectric energy harvester will be implemented using
COMSOL Multiphysics to test the proposed design. Afterward, the design will be
fabricated using screen-printing method and RF Magnetron sputtering technique. The
device will then undergo the characterization process. Then, the device will be tested to
evaluate its performance in terms of the output voltage and the resonant frequency.

Finally, the result will be analyzed and discussed.



1.5 SCOPE OF RESEARCH

This research covers on d33 conversion mode of piezoelectric energy harvester and the
simulation of the design is conducted in 2D model using COMSOL Multiphysics. The
deposition of AZO as the piezoelectric material is performed using RF magnetron
sputtering process while the silver ink is deposited as the electrode using screen printing
method. To ensure the quality and its piezoelectricity performance, characterization of
sputtered AZO thin film is implemented using X-Ray Diffraction (XRD) analysis,
Field-Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-Ray
(EDS) spectroscopy, piezoelectric constant (d33) measurement, and sheet resistivity.
Then, the reliability and durability of silver ink material as an electrode is investigated
through bending test while the electrical measurement of the device is evaluated using
electromagnetic shaker and Dynamic Signal Analyzer. The formulation of new theories

and modeling of the design are not included in this study.
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Figure 1.1 Research Methodology flow chart



1.6 THESIS ORGANIZATION

Chapter 1 is the introduction that consists of the problem statement, objectives, and
methodology of the research. Chapter 2 discusses the literature review of the
fundamental of piezoelectric energy harvester, the selection of piezoelectric material,
various types of substrate, and the potential applications of the technology, as well as
the previous work of the piezoelectric energy harvester. Chapter 3 reports the design of
the piezoelectric energy harvester. This chapter also discusses the simulation on the
effect of the gap between the electrode and the number of electrodes pairs on the output
voltage and resonant frequency. Chapter 4 discusses the methodology of the
piezoelectric fabrication, characterization process, mechanical endurance test, and the
experimental measurement. Chapter 5 reports the result of the piezoelectric fabrication,
characterization, mechanical endurance test, and experimental measurements. Chapter
6 concludes all the works in this research and discussed the recommendation of future

work.



