Design and Implementation of
Electrostatic Energy Harvesters
with Green Nanomaterials
by

Yin Li

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Doctor of Philosophy
in
Engineering

Guelph, Ontario, Canada
©Yin Li , May, 2018

Abstract
D ESIGN AND I MPLEMENTATION OF E LECTROSTATIC E NERGY
H ARVESTERS WITH G REEN NANOMATERIALS
Advisors:
Yin Li

Dr. Stefano Gregori

University of Guelph, 2018

Dr. Manjusri Misra

In recent years, smart infrastructure systems have been widely used to connect the
physical world to the internet. Extending connectivity between these systems (e.g. smart
home appliances, intelligent transportation, smart power grids, etc.) is often referred to
Internet of Things (IoT) [1]. One of the key technology in the IoT is wireless sensor networks (WSNs) which are platforms that containing sensing futures, processing units and
communication capabilities [2]. For the sensors that are placed in an environment that
vibration occurs (e.g. machines and vehicles), harvest kinetic energy and use it to power
the sensors can extend the battery lifetime of the WSNs. By using the kinetic energy,
vibration-based harvesters are a promising solution to achieve continuous-operation for
low-power WSNs.
In this thesis, a regenerative electrostatic energy harvester is introduced and analyzed. The proposed harvester operates in a regenerative mode and can self-start from
electrical noises without a startup battery. A class of regenerative harvesters is designed
to archive different purposes (e.g. obtain higher output power, or start under lower vibrations) under different vibration conditions. The mechanical model of the transducer
is combined with the electrical circuits to demonstrate the influences of the transducer
force under the rapidly increased voltages in the regenerative harvester. By understanding the coupled model of the harvester, suitable materials and their fabricating process
are introduced. In this research, renewable materials include nanocellulose and carbon

nanocomposites are used to fabricate the variable capacitors. The proposed biobased
capacitors are very thin and light, and have good flexibility. The use of biobased materials decreases the environmental impact and increases the biodegradability of the
energy harvesters. In the thesis, we also investigate the feasibility of combining green
nanocellulose materials and inks that contain water-dispersible carbon nanoparticles to
fabricate the substrate, the dielectric layers, and the conductive layers using only a conventional low-cost inkjet printer. The proposed green printing technique is promising
for manufacturing organic electronic devices at reduced costs and environmental footprint.
The model of proposed regenerative energy harvester is modelled, simulated, verified, and tested. The materials and fabricating process of the transducer is studied and
optimized. The regenerative harvester is then assembled, measured and compared with
simulation results and results from the literature. The simulation and experimental results match well and present the easy start-up and scalable energy availability of the
proposed harvester for driving WSNs and other low-power electronic devices.
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Chapter 1
Introduction
1.1

Motivation

In recent years, Internet of Things (IoT) has drawn much attention as it contains smart
systems that can connect the physical world to the internet. An example of IoT is
shown in Fig. 1.1. IoT requires that subsystems (e.g. smart homes, smart grids, intelligent transportation, etc.) have sensing capabilities and are remotely controlled through
existing networks. Wireless sensor networks (WSNs) represent a key technology in the
IoT because they are platforms containing nodes with sensing, processing, and communication features [2]. Widely distributed WSNs create opportunities for better interconnections between the physical world and computer-based systems. Consequently,
WSNs greatly improve the efficiency, accuracy, and economic benefits of infrastructure
systems [3].

F IGURE 1.1: Internet of things.
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Embedded batteries are traditionally used to power sensor nodes in WSNs. However,
as long as the capacity of the battery is finite, it is inevitable that the energy of the
nodes will end. Some studies have improved the power-management circuit in WSNs
to make them more efficient [4]. However, these approaches cannot solve the batteryreplacement issue, particularly for sensors that are deployed in inaccessible locations.
Energy harvesting as an alternative source for WSNs is an approach that has drawn
much attention [5]. Depending on the environment in which the sensors are located,
harvesters that are based on different working principles and that target various external
sources (e.g. light, heat, and kinetic energy) need to be applied. Kinetic energy from
ambient motion is a major source of power for sensors that are placed in vibration rich
environments. The abundance of ambient motion makes vibration-based energy harvesters promising options toward the goal of continuous-operation, low-power WSNs.
Currently, kinetic energy harvesters based on different transducers are being widely
studied. Electrostatic energy harvesters relying on mechanically-variable capacitors are
more easily implemented than piezoelectric and electromagnetic techniques, which are
either based on specific materials or are difficult to integrate [6]. The capacitors can be
economically manufactured using microelectromechanical systems (MEMS) technologies [7, 8], multi-layer structures [9, 10], system-on-foil technologies [11], and flexible
layers [12]. Flexible devices based on cellulose-carbon composite films with high scalability are also under development [13, 14].
Electrostatic generators include mechanically variable capacitors, switching elements,
and constant capacitors. Initially, charges are stored on a variable capacitor. The capacitor plates are then pulled apart by a mechanical force that works against the electrostatic
attraction, therefore mechanical energy is converted into electrostatic potential energy
of the charges. Finally, the charges at higher potential energy are delivered to an output
load. In the traditional harvester design, a start-up battery is essential as it needs to
precharge the capacitor before the vibration applies. However, this battery adds extra
weight and space to the harvester design while space is typically very limited in the
sensor nodes of the WSNs. In this study, a regenerative energy harvester is introduced
and analyzed. The proposed regenerative electrostatic harvester is a self-starting system that can initiate from electrical noise which can be traced to the flicker and thermal
noise of the electronic devices, the charge feedthrough of the switching elements and
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the dielectric absorption behavior of the capacitors [13, 14]. It operates in a regenerative
mode and does not need a startup battery.
However, the rapidly increasing output voltage in the regenerative energy harvester
brings another problem. In the traditional model of the electrostatic energy harvester,
the transducer force (i.e. Coulomb force) between the plates of the capacitor is usually
ignored due to the voltages involved is low. In the regenerative harvester, the output
voltage increases exponentially based on its regenerative nature. The voltage on the
variable capacitor can easily become very high when the regenerative energy harvester
keeps on operating [15]. The traditional model does not apply to the regenerative harvester anymore as the transducer force becomes competitive with the external vibration
forces when the voltage on the variable capacitor becomes high. Some studies were
done to analyze the transducer force by setting a limiter or a stopper to the plates of
the variable capacitor [16–18]. This method is efficient in the design of MEMS-based
devices as the stopper can be designed and fabricated in the MEMS technology. However, in the multi-layer structure based harvesters, the limiter is usually not applied, and
a nonlinear mechanical system of the variable capacitor needs to be studied. In this
thesis, we developed, analyzed and verified a new model of the regenerative harvester
that combines both mechanical properties and electrical properties of the transducer.
After understanding the mechanism of the capacitor vibration and the circuit operation,
find the suitable materials and their related fabrication method to build the circuit is the
other problem. The force-sensitive feature requires the material of a variable capacitor, especially the material of the insulating layer to be flexible and elastic. However,
not all the standard technologies and fabrication processes for building conventional
capacitors are suitable for fabricating mechanically-variable capacitors. The parallelplate film structure is one of the standard geometries that can be applied to construct a
variable capacitor due to its simple layer arrangements and mechanical model. In the
variable capacitor, the dielectric layer is critical as the energy conversion happens when
the dielectric layer thickness changes under the vibration. The most commonly used dielectric materials to build conventional capacitors are polypropylene (PP) and polyester
(PET). Other materials like polyphenylene sulphide (PPS), paper, and cellulose are also
frequently used [19]. In this research, the variable capacitor, which is a transducer that
converts mechanical energy into electrical energy [20], is fabricated based on renewable
materials, nanocellulose, and carbon nanocomposites. The proposed variable capacitors
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are lightweight, thin, and flexible. By using green nanocellulose, which is biodegradable, the environmental impact of the proposed energy harvester can be significantly
reduced.
Besides the studying of the materials, the fabricating method for making the harvesters
are also very important. The green harvesters based on renewable materials have drawn
increasing attention as they are environmentally friendly. These organic electronics
have grown fast in the recent years for the prospects of large-scale productions. In my
study, inkjet printing as a scalable manufacturing process is well positioned for supporting the fabrication of organic electronics. The proposed green printing technique
is promising for manufacturing organic electronic devices at reduced costs and environmental footprint. Printed electronic circuits are typically based on organic thin-film
transistors with metallic interconnections and flexible plastic foils as substrates [21].
Polymeric layers insulate the transistor gates, the interconnection lines, and the plates
of the capacitors and touch sensors. The functionalized inks used to create conductive lines are typically based on metal nanoparticles (e.g., Au and Ag) or conductive
polymers, which are expensive compared to conventional technologies [22–24]. Moreover, producing metal nanoparticles and polymers also creates byproducts that are not
environmentally friendly. One key challenge currently being faced by the emerging
printed-electronics industry is the development of devices using greener and biodegradable materials. Overcoming this challenge could pave the way to the sustainable growth
of IoT and WSNs applications [1]. In this research, we investigate the feasibility of
combining green nanocellulose materials and inks that contain water-dispersible carbon
nanoparticles to fabricate the substrate, the dielectric layers, and the conductive layers
using only a conventional low-cost inkjet printer. Nanocellulose, which has properties
comparable to those of other dielectric materials used in electronic applications, is a
biodegradable, sustainable, and cost-effective biomaterial with a nanostructure (i.e. has
average fibril widths of tens of nanometers) [25, 26]. The use of nanocellulose and
carbon nanoparticles would not only reduce the manufacturing costs and the environmental impact but also make the final printed devices have low toxicity and therefore
suitable for use in applications where health and safety aspects are relevant (e.g., food
and beverage packaging).
In overall, we designed and implemented a regenerative energy harvester. The operation principle is introduced and analyzed. The regenerative energy harvester gets rid of
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the conventional startup battery and is a self-starting system that can initiate from electrical noise. In this work, different approaches and designs of regenerative harvesters
are analyzed to achieve a better output power under low vibration conditions. The
switch element is implemented using the active diode structure with low forward voltages to further reduce the power losses. The variable capacitor, which is a transducer
that converts mechanical energy into electrical energy, is developed using mechanicallyvariable capacitors fabricated with renewable materials (i.e. nanocellulose and carbon
nanoparticles) with both film casting methods as well as inkjet printing techniques. The
mechanical and electrical properties of the material are examined and analyzed. A coupled model that combines the transducer mechanical and electrical properties with the
harvester circuity is developed and verified. Prototypes of the energy harvesters with
layered film capacitors and inkjet printed capacitors were built, and their performances
were compared by simulation and measurement results.

1.2

Thesis Organization

In this work, different energy sources and their harvesters, the comparison between the
different vibration-based harvester technologies, and example designs of the existing
electrostatic energy harvesters are reviewed in Chapter 2. This chapter constitutes the
literature review and background information for subsequent chapters.
Chapter 3 analysis the mechanisms of the transducer vibration and energy conversion.
By introducing the mechanical model for the transducer, the importance and influences
of the electrical force between the variable capacitor plates are highlighted. Different
energy conversion mechanisms are also compared to help the future design of the transducer.
In Chapter 4 and 5, the proposed regenerative harvester is designed and compared with
the conventional one. The topologies of the proposed harvester circuits are analyzed
and improved to achieve better performance. The switch element is also optimized with
active diode structure to obtain lower forward voltages.
The transducer force (i.e. Coulomb force) between the plates of the variable capacitor,
which is usually ignored in the traditional harvester model due to the low output voltage
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involved, becomes very significant when the regenerative energy harvester keeps on
operating [15]. In order to address the influences of the transducer force between the
variable capacitor during the harvesting process, in Chapter 6, a mechanical model of
the variable capacitor involves the electrical force is introduced. The mechanical model
is then combined with the circuit operation to estimate the maximum output voltage that
the harvester can generate. The detailed design tradeoffs are analyzed which can help
the designer to determine suitable materials to fabricate the capacitor and choose right
transducer dimension during the design of the harvester.
The transducer implementation and test results are then presented in Chapter 7. Carbon
black and cellulose are chosen to become the base material to fabricate the variable capacitor using the inkjet printing technique. The printing process is optimized to achieve
better performance.
The overall system design and implementation of the proposed harvester are examined
in Chapter 8. The critical system parameters and their effects are discussed. Harvesters
with different transducer implementations are fabricated and tested, and their results are
compared. When compared with the film based capacitor, the capacitance of the printed
variable capacitor can be easily scaled up using multilayered structure, and the harvester
can deliver higher output power with a minimized influence to the harvester size.
The thesis concludes in Chapter 9 with briefly reviews the work performed, discussion,
conclusions, and suggests directions for further investigation.

Chapter 2
Background and Literature Review
In the late 1700s, Alessandro Volta defined the law of capacitance and voltaic pile,
which was the first electrical battery. Several years later, Michael Faraday successfully
converted mechanical energy into electrical energy. These findings and results opened
a new era in the electrical engineering.

2.1

Energy harvesting

After it was first discovered, battery technology has undergone tremendous progress for
many years. However, since the power grids brought the electricity to cities, the battery
is mainly used for small and portable devices. Drawbacks that are related to the energy
availability, power density and lifetime still exist in traditional battery technology.
Based on the Ragone plot that is shown in Fig. 2.1 [27, 28], unfortunately, technologies with higher energy density (i.e. energy/device weight) typically have a very low
power density (i.e. power/device weight) and vice-versa. For example, capacitor based
batteries (e.g. ultracapacitor, and on-chip/off-chip capacitors) typically have a very high
power density. They can be charged and discharged very fast. However, charges on the
capacitor plates can only last for a short period since the energy density is low. On the
other hand, a nuclear reactor has a much larger energy to weight ratio, it takes a longer
time to respond. Fig. 2.1 also explains why the Lithium-ion batteries (includes Li-ion
batteries and thin-film Li-ion batteries) are popular nowadays. Though they have less
7
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F IGURE 2.1: Ragone plot: energy and power densities of various devices [28].

power density than the capacitors, their energy density is higher than that of capacitors
which makes the Li-ion batteries more suitable to be the energy source of the applications that require longer battery lifetime. Li-ion batteries are widely used in consumer
electronics. However, they still suffer from the issues that related to the battery lifetime
and size. Many consumer electronic devices, particularly portable devices, wearable
electronics and WSNs, require power supplies that have a compact size as well as a
long operation time.
The intrinsic limitations of traditional batteries motivate researchers to move forward
into new energy solutions. The energy harvesting technologies then draw a lot of attention as they can convert abundant energy from the surrounding environment and have
the potential to become the supplement or replacement to the traditional batteries. A
lot of different methods of harvesting energy from multiple sources have become relentlessly sought after by researchers in the recent years. Though the energy which is
harvested from ambient sources sometimes is not reliable or consistent (e.g. a solar cell
can sufficiently collect energy during the daytime, while it can barely work during the
night), and the output power level is typically low. The promise of extending the lifetime of traditional battery that is brought by the energy harvesting still brings significant
benefits to small and low-power devices.
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TABLE 2.1: Available energy sources and their performances [5, 29].
Sources
Vibration
Light
Heat
RF*

Conditions and energy density**
Conditions
Min.
Typ.
Human motion (< 10 Hz)
4 µW/cm3
Machines (> 1 kHz)
10 µW/cm3 500 µW/cm3
Indoor
10 µW/cm2
Outdoor
10 mW/cm2
2
Human body
25 µW/cm
Industry machines
10 mW/cm2
GSM (0.8 - 3.5 GHz)
4 µW/cm3
WiFi (2.5 - 5 GHz)
1 µW/cm3

Max.
100 µW/cm2
60 µW/cm3
-

* Radio frequency electromagnetic waves
** All these results are highly depended on the size of the harvester, conditions of the environment,
available technologies, etc.

2.2

Energy harvesting sources and implementations

The most common energy sources available in the physical environment are light, motion, heat, and radio waves. Table 2.1 shows the different types of energy sources and
their performances.
Light is the most appealing source which is based on the sun or other light sources.
The problem of harvesting light energy is that the power falls quickly when the sunlight
is unavailable. From Table 2.1, the typical energy density that can be harvested from
outdoor light is around 10 mW/cm2 . However, the power density decreases 100 times
while the harvester moves into a typical office environment. On the other side, the solar
cell sizes are not very compact which makes the technology not compatible with microscale electronic devices. Heat is another common energy source. From Table 2.1,
human body heat can offer a power around 25–60 µW/cm3 . Inside or surrounding industry machines and engines, the heat power that can be harvested can achieve over ten
mW/cm3 . However, a practical and simple transducer for transferring thermal energy
into electrical energy is very difficult to design and also very expensive to fabricate in
microscale. Radio wave represents another type of energy source. The power that can
be obtained from a typical GSM network is around 4 µW/cm3 . However, the most critical part of a radio frequency (RF) harvester is that the transducer needs to work at a high
frequency and under a particular operating range. The primary challenge is similar to
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TABLE 2.2: Available energy sources and measurement results of related harvesters
Sources
Vibration
Light
Heat
RF

Condition and the final energy density harvested and stored
Harvester
Condition
Result
Electrostatic
operating at 2.5 kHz
115 µW/cm3 [30]
Piezoelectric
operating at 340 Hz
156 µW/cm3 [31]
Electromagnetic
operating at 9.8 kHz
0.22 µW/cm3 [32]
light illumination 160 lux
0.12 µW/cm2 [33]
Photovoltaic cells
light illumination 900 lux
2.33 µW/cm2 [33]
Thermoelectric
5°C temperature difference
60 µW/cm3 [34]
Subcutaneous powering
6 mm range
6.12 mW/cm3 [35]
RFID*
2.45 GHz signal at 12 m range
2.74 µW** [36]

* Radio frequency identification
** Die size 400 µm × 550 µm

the heat based harvester which is the complexity and high cost of the transducer design
and fabrication.
In all the sources, harvesting kinetic energy from ambient motion is the most suitable approach for portable and wearable electronic devices. Based on Table 2.1, the power that
can be harvested from human activities with the range of vibration frequency around
tens of hertz can achieve 4 µW/cm3 . Higher output power can be obtained which is
around 800 µW/cm3 when harvesting from machine vibrations at a higher frequency.
Table 2.2 shows the available energy sources and measurement results of related harvesters. Vibration energy harvesters generate the highest amount of energy when compared with the other harvesters. Three main solutions (i.e. electrostatic, piezoelectric and electromagnetic harvesters) can generate energy from 0.22 µW/cm3 to 156
µW/cm3 when working under vibration frequencies from hundreds of hertz to tens of
kilohertz. The test results of the light based harvesters vary a lot and depend on the
lighting conditions. By using the photovoltaic cell, 0.12 µW/cm2 energy density can be
achieved with 160 lux light and 2.33 µW/cm2 energy density can be obtained with 900
lux light. Thermal and RF harvesters are challenging to design and fabricate. Thermalbased harvesters convert the temperature differences into electrical energy due to the
Peltier-Seebeck effect. In the literature, with 5°C temperature difference, 60 µW/cm3
energy density can be harvested by a 0.5 cm2 × 1.6 mm device. On the other side, for
a subcutaneous powering with 6 mm range, the RF harvester can generate around 6.12
mW/cm3 . While in a radio frequency identification (RFID) application, an RF harvester
can produce 2.74 µW with the chip die size of 400 µm × 550 µm.
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Different vibration-based energy harvesting technologies

Depending on the type of transducers, as previously discussed in Table 2.2, the vibration
based harvesters can be classified into three main categories: electrostatic, piezoelectric,
and electromagnetic.
In these three different types of energy harvesting technologies, the electromagnetic
harvester offers the lowest amount of power under the same harvester size. In general,
the power that an electromagnetic harvester can achieve is less than 1 µW/cm3 [32].
The power is smaller when comparing with the electrostatic harvester (i.e. around 50100 µW/cm3 [9]) and the piezoelectric harvester (i.e. around 200 µW/cm3 [31]). In the
electromagnetic harvester, an electromagnetic field is generated by a magnet. When the
magnet moves back and forward inside a coil a coil of wire of multiple turns, mechanical
energy transfers into the electrical energy and current flows in the coil. However, since
the energy is based on the mechanical movement of the mass, the harvesting process
requires space so that the mass can move inside the coil. With the same device size, the
power that an electromagnetic energy harvester can obtain is not comparable with that
generated by the other two harvesters. On the other side, the special arrangement of the
mass and coil structure makes the electromagnetic energy harvester very difficult to be
fabricated in a microscale range.
The piezoelectric harvester has a higher power density comparing with the electromagnetic harvester. The typical power density is the highest among the three harvesters.
In a piezoelectric energy harvester, mechanical forces bend and oscillate the cantilever
of the piezoelectric material. Then the mechanical strain energy is converted into electrical energy. However, it requires special materials that are difficult to integrate and
expensive.
On the other side, electrostatic harvesters that are based on mechanically-variable capacitors are more suitable for low-power and portable devices. When applying forces
on the variable capacitor, the kinetic energy transfers into electrical energy. Then the
harvested energy can be stored in a storage device for future usage. While the mechanical forces pull close and apart the capacitor plates, the variable capacitor converts
mechanical energy into electrical energy.
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The choice of a particular harvester depends on the surrounding environment (i.e. type
of energy source) and the conditions of the target operations. The amplitude and frequency of the excitation sources are important parameters when choosing the mechanism in the harvester design. However, if miniaturization of the harvester is a factor that
can not be ignored and the proposed generators need to have the flexibility of rescaling,
then, electrostatic energy harvesters are the preferred choice. This is because, for example, when comparing the energy coupling coefficient (i.e. transduction coefficient that
describes the conversion efficiency of a generator), the coupling coefficient of electromagnetic mechanism decreases 10 times faster than that of the electrostatic mechanism
when the target harvester decreases to one percent of its size [37]. The electromagnetic
coupling coefficient can be calculated by

kmagnetic = N · l · B ,

(2.1)

where B is the magnetic flux density, N is the number of turns of the magnetic coil, and
l is the length of the coil. For a moving conductor coil in a constant magnetic field,
the coefficient scales with s2 (i.e. s indicate the size of the transducer) if the internal
resistance of the coil and the flux density of the permanent magnet is kept constant.
On the other side, the electrostatic coupling coefficient of a varying capacitor is
kelectrostatic = ε · l · E ,

(2.2)

where E is the electric field, ε dielectric constant of vacuum, l is the initial overlap
between the capacitor plates. kelectrostatic scales by a factor of s if the electric field E in
the gap is constant [38, 39].
Based on (2.1) and (2.2), when the size of the system decreases by a factor of 10 (e.g. s is
decreased 10 times), kelectrostatic decreases by a factor of 10, whereas kmagnetic decreases
by a factor of 100. From this, it can be concluded that the electrostatic conversion
mechanism is more efficient for vibration generators with a compact size. Therefore,
the electrostatic harvesters become an excellent choice for meeting the size requirement
of compacted WSNs in IoT.
Compared with the electromagnetic and piezoelectric energy harvesters, the size and
the availability of integration is not a problem to the electrostatic harvester, the variable
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capacitor can be easily integrated by using the mainstream MEMS technologies and
can be fabricated in microscale. Also, electrostatic energy harvesters based on flexible
layers are also under development. The compact, green based, and flexible electrostatic
energy harvester design makes it a significant solution to power green electronic systems
with minimized impact to the environment.

2.4

Electrostatic energy harvesters

The key function of the electrostatic energy harvester system is to become the supplement energy source of its target devices. The system harvests energy from environmental vibration by a transducer (i.e. mechanically variable capacitor) that converts
mechanical energy into electrical energy. Then the electrical energy goes through the
micro-power converters and will be stored in storage elements (i.e. storage capacitors
or batteries) for future usage.
Assume that we attach an electrostatic energy harvester to a regular portable device (e.g.
a cell phone) and use it as a supplement battery. When using and carrying the mobile
phone, the original battery of the portable device will be continuously recharged by the
electrostatic energy harvester. This is because the energy harvester can transfer energy
from the ambient vibrations, not only from human motions (e.g. walking and running)
but also from environment noises (e.g. sound from surrounding audio, vibration from
the wind). This example shows the idea of how the electrostatic energy harvester has the
potential to be a supplement or replacement of the original battery in portable devices. If
using energy harvesters to replace the batteries in portable devices and WSNs, not only
energy usage will be reduced but also the lifetime of the electronics will increase. Also,
if the harvesters can be made with renewable resources and materials, the environmental
impact of the IoT will also be mitigated.

2.4.1

Electrostatic energy harvesting applications

Not just limited to be applied to cell phones, electrostatic energy harvesters can also be
applied to a lot of different parts in the IoT. When there is a vibration and the target
application is an electronic device that consumes power, energy harvesters can be used
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TABLE 2.3: Potential applications for electrostatic energy harvesters
Structure
Stiff structure
Elastic and Soft structure

Target Application
Vehicles
Containers
Consumer electronics
Wearable technologies
Elastic devices

Example
ships, automobiles, and trains
containers and different packages
home appliances and portable devices
textiles and clothes
rubber products and foam membranes

as a potential energy source. Table 2.3 shows a list of possible structures and examples
of the potential applications that electrostatic energy harvesters can be used. From Table
2.3, besides the consumer electronics, home applications, and portable devices, there are
some interesting applications that energy harvesting research is focused on nowadays.

2.4.1.1

Smart packaging with integrated energy harvesting

For example, smart packaging with integrated energy harvesting system is a very interesting and promising research topic that researchers are focusing. Smart packaging
means, beyond the passive containment and protection of a product, the package also
has active functions [40]. Smart packaging usually involves the ability to sense and
measure attributes of the product, the package inner atmosphere, and the surrounding
environment. The information that is stored in the smart packaging system then can be
reported to the users or can trigger active functions. The smart packaging is a key topic
in the packaging industry and is a system that works in conjunction with the product to
deliver greater safety, higher quality, and longer shelf life or convenience.
In a smart packaging system, instead of using a battery, an energy harvesting circuit
can be added to collect energy from external sources and transfer energy into a storing
circuit. With the energy harvesting and storing circuits, the smart package system can
drive the internal sensors and charge other portable devices without the limitations of
the battery. The energy harvesting circuit makes the smart packaging system more
autonomous and active.
Powered by the energy harvesting circuit, a lot of functions can be added to the smart
packaging system. Sensors can be used to monitor the conditions inside the package
(e.g. temperature and humidity); RFID/NFC circuits can be used to interact with other
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systems by exchanging the stored information; users can get the information from the
sensor networks and read the preset identification data (e.g. production date, expiry date,
tracking number, best storage temperature, etc.). The smart packaging system can also
interact with other systems. For example, for food packaging, an intelligent package
can communicate with related household appliances. The data stored in the container
can help the microwave oven to set up the cooking time, help the refrigerator to choose
the storing temperature, give warning when the food expiry date is close and compile a
grocery shopping list. The smart packaging system offers a more convenient interactive
experience to the users while maintaining the essential functions (i.e. containment and
protection).

2.4.1.2

Wireless autonomous sensor system with integrated energy harvesting

Another interesting research topic involves the wireless autonomous sensor system with
integrated energy harvesting. There is already a research work presented by IMEC [41].
In their paper, a demonstration of the wireless autonomous sensor system with thermoelectric energy harvesting is designed and used in clothes. Based on their prototype, the
sensor system has a rechargeable battery which is the only power source. The battery
does not need any replacement and recharging thanks to the thermoelectric conversion
from the user’s body temperature gradient. The thermoelectric harvester makes the system fully autonomous for its entire life. The device is also very compact (i.e. only
require less than 1.5% of the shirt area) and waterproof (i.e. the cloth can be washed
as regular shirts). The harvester can generate around 1 mW and can offer 1 V voltage
when the user wears the cloth in an average office area. When walking outside, higher
power can be generated (i.e. 2.7 mW).

2.4.1.3

Integrated energy harvester for flexible electronics

Flexible technology, which also refers to the system on foil technology, provides a way
to build an emerging class of flexible electronic products [42] which will decrease the
weight and increase the flexibility of the electronic devices. By using flexible electronics, circuits can be mounted on a flexible substrate and can be applied to elastic and
soft structures such as different textiles, clothes, membranes, and films. On the other
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side, using the flexible electronics on wearable, and portable electronics will make them
more comfortable and easier to use.
Instead of using plastics which may add extra environment impact, [12] presents a more
promising way to build flexible electronics based on biodegradable cellulose nanofibril
paper. Cellulose is the most abundant organic polymer on earth, and it has been chosen
to be the substrate because it is a green and inexpensive material. On the cellulose
nanofibril paper, there are 1,500 heterojunction bipolar transistors (HBTs) in a dense
array fabricated on a 5×6 mm2 size gallium arsenide (GaAs) substrate and the device
itself is still very flexible and can be easily bent.
The flexible technology creates a new solution to the wearable electronics, enabling
ultra-light and ultra-thin, flexible wearable products such as smart clothes and smart
subcutaneous sensors which can interact with users. However, the battery technology
also needs to be upgraded in order to compile with the flexible technology. The traditional batteries can not be used as they are not flexible and not compatible with the
system on foil technology. However, flexible energy harvesting devices are suitable
replacements for the traditional batteries and are compatible with the flexible technologies. If combining flexible technology with energy harvesting, the device will be fully
autonomous with no charging. Paper [13] shows a promising solution that builds a regenerative energy harvester based on nanocellulose films which are light, transparent
and flexible. In the paper, a regenerative energy harvester is presented with energy 49.8
nW/cm2 and an output voltage around 3.61 V. Integrated energy harvester for flexible
electronics will bring enormous benefits to wearable technologies, and this field will
grow very fast in recent years.

2.4.2

Integrated energy harvester for flexible electronics

Inkjet printing is a method for depositing films of liquid materials according to digitallycontrolled patterns that can be changed from print to print. Ink droplets are transferred
from a fluid channel onto a substrate in a drop-by-drop manner that makes the technology additive, non-contact, and maskless [43, 44]. Therefore, this printing technology
is compatible with different materials, from flexible substrates (such as paper, plastic
foils, and synthetic fabric) to rigid surfaces (like ceramics, metal, and wood). Thanks
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to its versatility, inkjet printing can also be applied to a range of processes, including
printing text and graphics (from plastic identity cards to wide-format posters), industrial labelling (from part barcoding to package marking), and decorating products (from
clothes to foods). Inkjet printing is also environmentally friendly, as it involves limited
energy consumption and material waste and is scalable to large areas.
Inkjet printing is typically geared toward two-dimensional coverage using conventional
inks. However, advancements in the study of flow properties and interactions of droplets
and substrate have led to the introduction of functionalized inks with nanoparticle suspensions and the development of additive processes for the growth of structures in the
vertical dimension [22, 45, 46]. At the same time, a commercially-driven interest in
large-area electronics printed on low-cost substrates has prompted the development of
inkjet techniques for manufacturing conductive interconnections and organic electronic
devices [47–49]. Inkjet-printed electronic circuits have been demonstrated for radiofrequency identification [50], energy harvesting [51], sensors [52], displays [53], analog
circuits [11], and digital circuits and memories [54].
Printed electronic circuits are typically based on organic thin-film transistors with metallic interconnections and flexible plastic foils as substrates. Polymeric layers insulate the
transistor gates, the interconnection lines, and the plates of the capacitors and touch
sensors. Functionalized inks used to make conductive lines are typically based on metal
nanoparticles (e.g. Au and Ag) or conductive polymers which are expensive compared
to conventional technologies [22–24]. Moreover, the production of metal nanoparticles and polymers comes with byproducts that are not environment-friendly. One key
challenge currently being faced by the emerging printed-electronics industry is the development of devices using greener and biodegradable materials. Solving this problem
could pave the way to the sustainable growth of internet-of-things and sensor-network
applications [1].
The polymeric substrates of printed electronics could be replaced with cellulose film
and paper, which has a lower cost and greener features. Paper and cellulose substrates
are particularly suitable for rapid prototyping [55], RF low-cost applications [49, 56],
and smart-packaging applications [57], because the circuits can be printed directly onto
paper or cardboard sheets, which are then folded to form the required shape, and eventually can be recycled after use. Other efforts are focused on developing functionalized
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inks based on carbon nanoparticles (i.e. carbon black, carbon nanotubes, and graphene)
for printing conductive patterns based on the electronic properties of such materials
[58, 59].

Chapter 3
Mechanical Vibration Transducer and
Energy Conversion
The development of portable and flexible electrical sources for low-power microscale
devices has become a research focus in recent years especially in the application sectors
of wireless communication, packaging industry, biomedical sensors, consumer electronics, and wearable devices. The related devices are all based on the complementary
metal oxide semiconductor (CMOS), MEMS, and system-on-foil technologies and require low power budgets. Indeed, by using these techniques, the potential power consumption of the electronic devices can be as low as few microwatts. Though traditional
batteries and their related technologies are the main techniques and the first option that
is widely used in the microscale electronic devices, the drawbacks of the battery technologies (i.e. power and energy density, size, lifetime, etc.) restrict the performance of
the low-power and portable electronics in many conditions significantly. On the other
hand, finding a new and green way to power the electronic devices will also gain a lot
of benefits to our fragile environment.
Therefore, my research is focused on developing microscale energy harvesters based
on green materials that can convert ambient motion into electrical energy. During the
numerous ambient sources, light, heat, radio waves, and vibrations, a particular type
of harvester, the electrostatic energy harvester (EEH) is studied during this research
while the advantages and disadvantages of this mechanism are analyzed in the previous
chapter. The abundant vibration from the environment makes the study of EEH very
19
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F IGURE 3.1: Two directions of motion in a parallel plate capacitor.

interesting. The proposed EEH needs to have the potential to become the substitute of
the traditional battery. On the other side, the materials for building the EEH also need
to be green to decrease its impact of the environment.

3.1

Electrostatic energy harvester technologies

Electrostatic energy harvesters based on simple layered variable capacitors that can be
manufactured cost-effectively using mainstream microelectro-mechanical system technologies (MEMS) [60], hybrid implementations [61], compact cantilevered structures
[9, 20], system-on-foil structures [11], or flexible layers [13, 14]. The initial voltage
across the variable capacitor of the harvester is amplified by the mechanical vibration
done against the electrostatic forces between the capacitor plates. The traditional electrostatic generators require an initial charge separation for amplification, which means
a start-up voltage source is required at the beginning of the harvester operation.
It is critical to choose the mechanism of the mechanically-variable capacitors as the
capacitor is the essential element of the entire EEH. Electrostatic energy harvester employs either parallel-plate or comb finger electrodes as the basic structure of a mechanically variable capacitor. The capacitor electrodes are pulled apart or pushed close due
to the external vibration. In general, there are two different types of mechanisms of
how the capacitor electrodes are moving as shown in Fig. 3.1. The ambient vibration
will vary the vertical (i.e. gap closing type) or lateral (i.e. overlap varying type) distance
between the two plates.
For example, the capacitance value of Cvar is related to the plates distance d and overlap
area S of the capacitor. When the plates of the capacitor move apart (e.g. in the gap
closing capacitor) or one of the plate moves laterally toward the other plate (e.g. the
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TABLE 3.1: Summary of electrostatic harvesters based on different technologies
Technology
MEMS
Hybrid
Structure
Cantilever
System on Foil
Flexible Layer

Reference
Roundy [60]
Meninger [30]
Miao [61]
Mitcheson [62]
Torres [9]
Kempitiya [20]
Marien [11]
Li [13, 14]

P (µW)
116
8.6
80
3.7
0.086
0.125
0.331

f (Hz)
120
2520
30
30
30
27.6
80

A* (m/s2 )
2.25
10
50
70
88.7

Vol** (mm3 )
1000
75
48.4
750
20645
45000
720 mm2
83

Material
Silicon
Silicon
Silicon/polyimide
Silicon/polyimide
Metal/nylon
Metal/nylon
Metal/plastic
Cellulose

* Acceleration of the input vibration.
** Variable capacitor volume.

overlap varying capacitor), the capacitance Cvar decreases. The reduction of the capacitance will increase the voltage on the capacitor to Vvar if the capacitor is precharged by
Q, which gives

Q = CvarVvar .

(3.1)

Then, when the capacitor is disconnected, the energy stored in the capacitor will be
1
E = Cvar Vvar 2 .
2

(3.2)

From (3.2), when the capacitance Cvar decreases, Vvar increases. This means a suitable technology to implement the proposed variable capacitor is imperative and will
potentially offer sufficient energy.
Table 3.1 shows a summary of new electrostatic harvesters research based on different
technologies. MEMS technology is still the most commonly used technology as it can
be easily implemented. The size of the MEMS capacitor can be controlled from tens of
cubic millimetres to hundreds of cubic millimetres, while the output power can achieve
more than a hundred microwatts. However, the MEMS technology is built on a silicon
substrate and is not flexible. This may limit its application in some wearable devices and
sensors in IoT that requires a high degree of flexibility. Hybrid structure that combined
MEMS structure with polyimide material is similar to the MEMS structure. However,
the capacitor structure needs a special arrangement, and the cost of fabrication is higher
than the mature MEMS structure. The cantilever structure requires a significant amount
of space as the capacitor size is big and typically in tens of cubic millimetres range. This
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technology is not suitable for microscale electronic devices. System on foil and flexible
layer technologies are under development and have already shown a lot of advantages.
Compared with the MEMS structure, the substrate of the system on foil and flexible
layer technologies are flexible and light. Some flexible layers are made with green
materials (e.g. cellulose) will also decrease the impact to the environment.

3.2

Mechanism of the transducer vibration

To understand how the regenerative energy harvesters work, a precise model for the
harvesters needs to be designed and analyzed. Inside an energy harvester, the mechanically variable capacitor is the essential component as it is a transducer that interacts with
the environment. Studying the mechanical model of the variable capacitor is very useful
and can help understanding how the capacitor works and how the energy is harvested. In
the literature, the electric force between the capacitor plates is generally ignored. This is
because, in the conventional energy harvester, the voltage across the variable capacitor
typically only change between two different levels. Compared with the environmental
vibration force, the electric force under low voltage is very small. In the regenerative
energy harvester, though the initial voltage across the capacitor is minimal, the voltage
will increase exponentially due to the regenerative structure. After several cycles, the
voltage between the capacitor plates will become significant, and the electric force will
become comparable to the vibration force. At this time, the conventional model for the
energy harvesters does not apply, the electrical force needs to be analyzed and cannot
be ignored.
A precise model for the harvesters is then designed and analyzed using Matlab by considering the electric force between the capacitor plates. Fig. 3.2 shows the block diagram of the proposed diagram of the regenerative energy harvester model which contains the mechanical system of the capacitor, electrical forces between the capacitor
plates, and the harvesting circuit.
By using this system, the designers can calculate the power that can be harvested based
on different inputs, and also understands the trade-offs between the high output voltages
and power losses due to the electrical forces between the plates.
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F IGURE 3.2: Block diagram of the proposed model of the regenerative energy harvester.
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F IGURE 3.3: A spring-mass-damper model of the mechanically variable capacitor.

When a mechanical force is applied to the variable capacitor, the dielectric layer thickness changes. To simplify the model, the assumption that the deformation only comes
from the dielectric layer (i.e. the conductive layers are ideal layers with no deformations) is made. Then the capacitor is modelled as a mass-spring-damper system which
is shown in Fig. 3.3. Comparing with the conventional model, the proposed model also
considers the influence that comes from the electric force between the two conductor
layers.
The mechanical model is a second order system, and the equation of motion is [63]

− mÿ = mz̈ + Fs + Fb + Fe ,

(3.3)
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where m is the mass, y is the input displacement, z is the dielectric layer deflection, Fs
is the spring force, Fb is the damper force, and Fe is the electric force.
The three forces in the system can also be written as
Fs = kz
Fb = bm ż
Fe =

(3.4)

Q(t)2
2ε0 εr A

where k is the spring constant, bm is the damping coefficient, ε0 is the electric constant
of vacuum, εr is the electric constant of the dielectric material, A is the capacitor plates
overlapping area, and Q(t) is the charge on the capacitor at time t.

3.2.1

Influence of the electrical force in the variable capacitor

To illustrate the effect to the system from the electrical force in the variable capacitor, a single-stage regenerative energy harvester in Matlab Simulink by considering
the transducer forces between the capacitor plates (i.e. Fe ) to show an example of the
output difference between counting and ignoring the transducer force is modelled and
simulated. Fully-modelled junction diodes with a zero forward voltage are used in the
simulation.
In the simulation, a sinusoidal mechanical force is applied to the capacitor with frequency of 100 Hz and acceleration of 3.5×10−4 m/s2 . The material properties used in
the simulation are based on a cellulose film based layered capacitor [64] and the data is
listed in Table 3.2 .
Fig. 3.4(a) shows the output voltage Vout as a function of time t of the model with
electrical force, while Fig. 3.4(b) shows the output voltage Vout as a function of time t
without considering the electrical force. In the model with Fe = 0, as the electrical force
in between the capacitor plates is not considered, the output voltage increases exponentially as the harvester structure is regenerative (the details of the harvester design will
be explained in the following chapters). However, in the real implementation, since the
electrical force keeps increasing, Fe is against the vibration force. The electrical force
and the mechanical force will become balanced when the time increases. At this time,
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TABLE 3.2: Material Properties used in the simulation [64]
Material Property
Mass m
Spring constant k
Damping coefficient bm
Electric constant of vacuum ε0
Electric constant of the dielectric layer (i.e. cellulose) εr
Capacitor plates overlapping area S
Initial dielectric layer thickness d0
Ratio of the capacitance of constant capacitor to variable capacitor
Ratio of the capacitance of load capacitor to variable capacitor

Value
50 g
1.67×105 N/m
0.04 N·s/m
8.854×10−12 F/m
3 F/m
4 cm2
125 µm
30
100

the capacitor can not harvest energy anymore, and the output voltage becomes constant
as shown in Fig. 3.4(b). For example, at 5 s, the Vout is constant around 17.5 V in Fig.
3.4(b), while in the model that Fe = 0 (i.e. Fig. 3.4(b)), the Vout keeps on increasing to
very high value which is not true in the real implementation.
Based on the simulation results, it is clear that the electrical force between the capacitor
plates is very important especially under higher output voltage conditions. The analysis
of the coupled model of both mechanical and electrical model of the harvester will be
introduced in the following chapters. Before we study the model of the capacitor, the
mechanism of the energy conversion needs to be studied so that how the mechanical
energy is transferred to the electrical energy is clear.

3.3

Mechanisms of the energy conversion

The mechanically-variable capacitor is the transducer to transfer the energy from the
mechanical domain to the electrical domain when the environmental force works on
the electrodes against the electrostatic force and changes the electrodes’ distance. The
energy that can be harvested from the mechanical movement highly depends on the harvester circuit design and how the capacitors work in the electronic circuitry. Therefore,
two main techniques, switched systems and continuous systems, are typically applied
to understand the mechanism of the electrostatic transducer.
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F IGURE 3.4: Output voltage Vout at different time t of (a) the new model when considering Fe , (b) the conventional model without considering Fe .
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F IGURE 3.5: qv diagram of a constant charge method energy conversion cycle.

3.3.1

Switched Systems

The switched mechanism of the variable capacitor connection involves a reconfiguration
of the circuitry at different parts of the harvesting cycle. Based on (3.1), typically,
there are two types of energy conversion methods. When the charge on the capacitor
is constant, the variation of the capacitance value will change the voltage value. This
method is called constant charge method. The other method is the constant voltage
method, which means when keeping the voltage across the variable capacitor constant,
the charge of the capacitor will move when decreasing the capacitance.

3.3.1.1

Constant charge method

Fig. 3.5 shows the charge q on the variable capacitor versus voltage v of a constant
charge conversion cycle. If the mechanically variable capacitor is pre-charged by an
effective voltage Vmin at its maximum capacitance Cmax , energy is stored in the capacitor
as shown in the figure from state A to state B. With the aid of the switch elements in
the electrostatic energy harvesting system, the variable capacitor then is disconnected
from the other parts of the circuitry. As a result, the amount of charge on the capacitor
keeps the same as shown in the figure form state B to state C. Meanwhile, the capacitor
geometry is changed by the external mechanical forces that are against the electrostatic
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F IGURE 3.6: qv diagram of a constant voltage method energy conversion cycle.

force, the capacitance decreases to a minimum value of Cmin . Based on (3.1), the voltage
across the variable capacitor increases from Vmin to Vmax . Finally, the variable capacitor
is discharged, and the capacitance is then increased so that it is ready for the cycle to
restart as the state moves from point C to point A in the qv diagram.
This method is called constant charge method as the charges at points B and C are the
same

qmax = Cmin Vmax = Cmax Vmin .

(3.5)

The converted energy in one conversion cycle of the constant charge method is equal to
the shaded area in qv diagram and can be calculated by

Econs−q =

1
1
qmax (Vmax − Vmin ) = Vmin Vmax ∆C ,
2
2

(3.6)

where ∆C = Cmax − Cmin is the difference of the maximum capacitance and minimum
capacitance.
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Constant voltage method

Fig. 3.6 shows the qv diagram of a constant voltage conversion cycle. The mechanically
variable capacitor is connected to a constant voltage supply with the voltage value of
Vmax at its maximum capacitance Cmax , energy is stored in the capacitor as shown in
the figure from point A to point B. When the capacitance decreases to Cmax due to the
external mechanical forces, as indicated from point B to point C, the charge on the
capacitor decreases from Cmax to Cmin . Finally, the capacitor is discharged, and the
capacitance is then increased ready for the cycle to restart as the state move from point
C to point A in the qv diagram.
This method is called constant voltage method as the voltages at points B and C are the
same, and the voltage values are equal to Vmax .
The converted energy in one conversion cycle of the constant voltage method is equal
to the shaded area in the qv diagram and can be calculated by
1
1
1 2
2
2
Econs−v = Cmax Vmax
− Cmin Vmax
= Vmax
∆C .
2
2
2

(3.7)

Compare with the two different mechanisms, based on (3.6) and (3.7), the ratio between
the two converted energy values is
Econs−v Vmax
Vmax −Vmin
=
= 1+
.
Econs−q Vmin
Vmin

(3.8)

Based on (3.8), with the same capacitance change (e.g. same value of Cmax , Cmin as well
as ∆C), Econv−v > Econv−q . This means, under the same condition, the constant voltage
mechanism generates more energy.
The constant charge mechanism can have a similar output power compared with the
constant voltage one in some other conditions. For example, a constant capacitor can
be applied in parallel with the variable capacitor, the converted energy from the charge
constant method (i.e. Econv−q ) can be very close to the energy of the voltage constant
method (i.e. Econv−v ) when the value of the constant capacitor added is very big. On
the other side, the constant charge mechanism only requires the variable capacitor to be
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F IGURE 3.7: qv diagram of operations of an electrostatic energy harvester in continuous mode.

charged to Vmin , while in the constant voltage one, the capacitor needs to be charged
to a higher potential (i.e. Vmax ). This is very difficult to low power applications as the
highest voltage level can be achieved in these applications is typically limited to the
low range. This means, when the system can only afford low voltages, constant charge
mechanism will be more effective than the constant voltage mechanism.

3.3.2

Continuous Systems

A more general mechanism of the mechanically-variable capacitor operation is when
it is continually connected to the load. The load supplies a voltage to the capacitor
by connecting directly to the variable capacitor. A change of the variable capacitance
always generates a charge transfer through the load. This is a more general case of the
previously switched systems. For example, the constant charge method is equivalent
to a continuous harvester that connected to a load with an infinitely high impedance,
while the voltage constant method corresponds to a continuous generator which load
resistance is zero.
Fig. 3.7 shows the three different charge to voltage diagrams of a continuous harvester
which refers to a constant charge method (i.e. loop A-B-A), a constant voltage method
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(i.e. loop A-C-A), and an optimized method (i.e. loop A-D-A). In both of the constant
charge and constant voltage cases, the converted energy (i.e. integral of the qv loop) is
close to zero as the transition from maximum to minimum capacitance occurs on the
same trajectory.

Chapter 4
Energy Harvester Design
The core of the electrostatic harvester is a mechanically-variable capacitor that acts
as a transducer and converts mechanical energy into electrical energy. The switching
elements divide the vibration cycle into two phases. In the first phase, an energy-storage
element (i.e. a startup battery or a storage capacitor) delivers charges to a variable
capacitor. Then a mechanical force pulls apart the capacitor plates by working against
the electrostatic attraction and increases the potential energy of the charges. In the
second phase, the charges which are at higher potential energy (i.e. at a higher voltage)
are transferred to an output load [20] or delivered back to recharge the battery [9, 65].
The distance of the capacitor plates then decreases and the capacitance changes back to
the initial value.

4.1

Conventional Electrostatic Energy Harvester

Fig. 4.1 (a) illustrates the model and operation of a conventional energy harvester containing a startup battery (VI ), switching elements (diodes D1 and D2 ), a mechanicallyvariable capacitor (that harvests mechanical energy), and a load (that absorbs energy).
We assume that the distance between the variable capacitor plates changes with a periodic waveform at frequency f . The capacitance varies between a maximum value Ca
when the capacitor plates are pushed close by the mechanical energy, and a minimum
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value Cb when the plates are pulled distant. The diodes are ideal with a forward voltage Vt , the voltage across the load is VO , the circuit operates in static conditions (i.e. VI
and the average output voltage VO are constant), and the charging and discharging operations are considered instantaneous (i.e. the period of mechanical vibration is much
longer than the capacitor charging and discharging time).
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F IGURE 4.1: Conventional harvester: (a) Operation of a conventional electrostatic
harvester; (b) Charge-voltage diagram of the variable capacitor in the conventional
energy harvester.

In a first phase, the variable capacitor reaches its maximum value and receives the
charge q1 from the startup battery at an electric potential VI . In the second phase, the
variable capacitor reaches its minimum value and delivers the charge q2 to the load at a
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potential that is higher than VI . In static conditions,
q1 = q2 = Ca (VI −Vt ) −Cb (VO +Vt ) = Cb (VM −VO ) ,

(4.1)

where VM = ρ (VI −Vt ) −Vt is the maximum output voltage for which positive charges
flow from the battery to the load (i.e. q1 = q2 > 0) and ρ = Ca /Cb is the ratio of the
variable capacitor maximum to minimum capacitance.
The average input and output currents (II = f q1 and IO = f q2 ) are
II = IO = f Cb (VM −VO ) .

(4.2)

The input electrical power (i.e. supplied by the startup battery) as well as the output
electrical power (i.e. harvested at the load) are
PI = VI II = f Cb (VM −VO )VI ,

(4.3)

PO = VO IO = f Cb (VM −VO )VO .

(4.4)

PN = PO − PI = f Cb (VM −VO ) (VO −VI ) .

(4.5)

The net power gain is then

The charge on the variable capacitor during the different phases is the key because of
it is proportional to how much mechanical energy is converted into electrical energy.
Fig. 4.1 (b) presents the charge q on the mechanically-variable capacitor versus the
capacitor voltage V during a harvesting cycle. In the diagram, point A is the state
at which the mechanically-variable capacitor reaches its minimum value Cb , whereas
point C is the state at which the capacitor reaches its maximum value Ca . Segments
AB and BC correspond to phase 1, shown in Fig. 4.1 (a), whereas segments CD and DA
correspond to phase 2. At the beginning of phase 1 (point A), all the diodes are off, and
no charges are transferred. When the plates of the variable capacitor are pulled apart
by the mechanical force, the variable capacitance value increases from Cb to Ca and the
voltage across the variable capacitor decreases. When this voltage decreases to VI −Vt
(point B), the voltage on the diode D1 increases to Vt and turns on the diode. At this
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time, the variable capacitor is connected to the precharging battery VI , and a positive
charge q1 is delivered to the capacitor when the state goes from B to C (i.e. phase 1 of
Fig. 4.1 (a)). When the operation reaches state C, the charge on the variable capacitor
increases to its maximum value Ca (VI − Vt ). Then the two diodes are turned off when
the capacitance starts to decrease. At this time, the voltage across the variable capacitor
increases and the state goes from C to D. Diode D2 turns on when the voltage on the
capacitor increases to VO +Vt (point D). The variable capacitor is then connected to the
load and a positive charge q2 is delivered to the load when the state goes from D to
A (i.e. phase 2 of Fig. 4.1 (a)). As shown in Fig. 4.1 (b), q1 (i.e. BC) equals q2 (i.e.
DA), which matches equation (4.1) from the circuit operation analysis. The area of the
rectangle ABCD indicates the electrical energy that is harvested by the mechanicallyvariable capacitor during a cycle, for which the power can be calculated by

PE = f Cb (VM −VO ) (VO −VI + 2Vt ).

(4.6)

From (4.5) and (4.6), there is 2 fCb (VM −VO )Vt of power lost due to the forward voltage
of the two diodes. The circuit converts mechanical energy into electrical energy (i.e.
PN > 0) when
VI < VO < VM ,

(4.7)

which defines the output voltage range, and
ρ>

VI +Vt
,
VI −Vt

(4.8)

which gives the minimum value of ρ to have VI < VM .
The maximum net power gain is

P̂N = f Cb

VM −VI
2

2
.

(4.9)

As shown in Fig. 4.2, both the power gain and the output voltage range grow if ρ
increases or Vt decreases. The conventional harvester has the maximum net power gain
when the output voltage equals to (VM + VI )/2. These relationships can be used to
optimise the output power during the harvester design based on the input and output
voltages.
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F IGURE 4.2: Net power gain PN of the conventional energy harvester.

Both the power gain and the output voltage range grow if ρ increases or Vt decreases.
The conventional harvester has the maximum net power gain when the output voltage
equals to (VM +VI )/2.

4.2

Regenerative Electrostatic Harvester

The regenerative energy harvester in Fig. 4.3 (a) is formed by a constant capacitor (C2 ),
switching elements (diodes D1 , D2 and D3 ), a mechanically-variable capacitor, and a
load. Similarly to the conventional harvester, the distance between the plates of the
variable capacitor changes with a periodic waveform at frequency f , the diodes have
forward voltage Vt , the voltage across the load is VO , and the circuit operates in static
conditions while the charging and discharging operations are considered instantaneous.

4.2.1

Capacitive load

In this case, the regenerative energy harvester is connected to a capacitive load (i.e.
with capacitance CL ) as an energy storage element. In a first phase, under the external
vibration, the mechanically-variable capacitor increases to its maximum value Ca . The
two capacitors and the load are connected in parallel as the diodes D1 and D3 are on and
diode D2 is off as shown in Fig. 4.3 (a) (phase 1). Charge q1 delivered out of the load

Chapter 4. Energy Harvester Design

37
Phase 1
(Precharge)

Ca

Ca

D1

D1

off

C2

D3

on

VO

D2

off

D3

C2

q2

off

Cb

Phase 2
(Harvest)

D1

D1

off

C2

D3

off

VO

D2

D3

on

off

VO

D2

on

off

Cb

q1

q1a

C2

VO

D2

off

off

(a)
q

q=

Ca

V

q

Ca HVO -Vt L

C

D

D

C

a

V

C

q=

q = Cb

Cb VM
E

B

q = Cb

B

V

A

A

V

V

0

0

VO -Vt VM -VO -2Vt

(b)

2VO +Vt

V

VM

(c)

F IGURE 4.3: (a) Operation of a regenerative electrostatic harvester; (b) Charge-voltage
diagram of the variable capacitor in the harvester with capacitive load; (c) Chargevoltage diagram of the variable capacitor in the harvester with infinite capacitance load.

to precharge the parallel capacitors and can be described by
q1 =

a b (a + ρ) (ρ − 2)
Cb (VO −VN ) ,
(a + b + a b) (a + b + ρ)

(4.10)

ρ +1
Vt ,
ρ −2

(4.11)

with
VN =

where a = C2 /Cb is the ratio of the constant capacitance versus the unit capacitance (i.e.
minimum variable capacitance), b = CL /Cb is the ratio of storage capacitance to the unit
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capacitance, and ρ = Ca /Cb is the ratio between the maximum and minimum variable
capacitance.
In the second phase, the variable capacitance reaches its minimum value Cb . The two
capacitors and the load are connected in series as shown in Fig. 4.3 (a) (phase 2). The
charge transferred to the load is
q2 =

a b (ρ − 2)
Cb (VO −VN ) .
a+b+ab

(4.12)

If ρ > 2 and VO > VN , then q2 > q1 is true for any value of a, b, Cb , Vt , and VO (VO is
assumed positive because of D1 and D2 ). At each cycle, the voltage gain of the harvester
is given by
a b (ρ − 2) (1 − VVNO )
q2 − q1
A = 1+
.
= 1+
CL VO
(a + b + a b)(a + b + ρ)

(4.13)

The output voltage across the storage capacitor is
VO (h) = Ah VO (0) ,

(4.14)

where VO (0) is the initial voltage across CL (i.e. storage capacitor) while VO (h) is the
voltage of CL after time index h = d f te. If there is no resistive load connected in parallel
with CL (i.e. CL is not discharged), its voltage grows exponentially. In order to have a
voltage gain A greater than 1, ρ higher than 2 and VO > VN are required.
From (4.13), when we assume that the forward voltage Vt be 0, the maximum gain per
√
cycle Â is achieved when a = b = ρ, and
√

ρ +1 2
Â = 2 √
,
ρ +2

(4.15)

which is calculated from the optimized capacitance for the Cb and C2 for a given CL .
When the regenerative energy harvester starts from a small initial voltage (i.e. in the
microvolts range, lower than VN ), the voltage grows progressively while the forward
current of the diode is low. When the voltage across the load increases to higher than VN ,
the harvester operates efficiently, and the voltage across the load increases exponentially
based on (4.14).
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Fig. 4.3 (b) shows how do the variable capacitor charge q increases during multiple
harvesting cycles. By using one of the cycles as an example, point A is the state when
the capacitance reaches its minimum value Cb , while point C is the state when the
capacitance reaches its maximum value Ca . Segments AB and BC correspond to the
precharge phase (Fig. 4.3 (a), phase 1), while segments CD and DE correspond to the
harvest phase (Fig. 4.3 (a), phase 2). At the beginning of this cycle (i.e. point A), all
the diodes are off, and the charge on the variable capacitor is constant. However, since
the capacitor plates are pushed close by the mechanical force, the capacitance value
increases from Cb to Ca and the voltage on the capacitor decreases. Then the operation
reaches state B where diodes D1 and D3 start turning on. At this time, the variable
capacitor and the constant capacitor are connected in parallel to the load and a positive
charge is delivered to the variable capacitor. When the distance between the capacitor
plates is decreasing, the charge on the variable capacitor reaches its maximum value as
state C is reached. Then the harvest phase starts (i.e. Phase 2 in Fig. 4.3 (a)), where all
the diodes are off and the capacitance value of the variable capacitor starts to decrease.
Since no charge is transferred, the voltage of the variable capacitor increases and the
state goes from C to D. When state D is reached, diode D2 turns on. Now the capacitors
and the load are connected in series. When the mechanical force is pulling apart the
capacitor plates, state E is reached, and the voltage on the capacitor increases A times
(i.e. voltage gain from (4.13)).

4.2.2

Startup and Non-Ideal Effects

With a pure capacitive load, the number of cycles that are required for the regenerative
harvester to start (i.e. by reaching a default output voltage VO (h)) is calculated from
(4.14),
h=

ln VVO (h)
(0)
O

ln A

.

(4.16)

For example, if the storage capacitor has an initial voltage VO (0) = 1 µV and needs
to achieve a voltage VO (h) = 1 V (i.e. VO (h)/VO (0) = 106 ), with ρ = 3 and Vt = 0 V,
the regenerative harvester requires h = 200 cycles (e.g. 2 s at f = 100 Hz) to reach the
target voltage. The startup time decreases with higher ρ (e.g. 1.18 s at ρ = 4, 0.9 s at
ρ = 5, and 0.75 s at ρ = 6) while f = 100 Hz.
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In circuit implementations, diodes are not ideal (i.e. the forward voltage is not zero).
The forward voltage causes a slower startup, decreases the maximum output voltage,
and influences the output power of the energy harvester. Under a similar condition (e.g.
VO (0) = 1 µV and VO (h) = 1 V), with ρ = 6 and Vt = 0.5 V the time required to reach
the target increases from 0.75 s to 5.54 s (e.g. 554 cycles) at f = 100 Hz.

4.2.3

Capacitive load with infinite capacitance

The model of the regenerative energy harvester can be further simplified by assuming
the output capacitance value is CL → ∞ (i.e. applying an ideal voltage source with constant voltage VO ). Then in a first phase, the charge delivered to the load is
q1 = 0 .

(4.17)

In the second phase, the charge harvested by the storage capacitor is
q2 =

a
(ρ − 2)Cb (VO −VN ) .
1+a

(4.18)

When ρ > 2 and VO > VN are achieved, q2 is greater than zero, and positive charges
flow to the load.
Fig. 4.3 (c) presents the diagram of the charge q of the variable capacitor as a function
of its voltage V in a harvesting cycle with infinite capacitance load. Similar to the
capacitive load part, points A and C are the states when the capacitance reaches Cb and
Ca respectively. Segments AB and BC correspond to the precharge phase and CD and
DA correspond to the harvest phase. At the starting state of phase 1 (A), all the diodes
are off. The capacitance reaches its minimum value Cb , and the voltage across the
variable capacitor is at its maximum value VM . Since all the diodes are off, the charge
on the variable capacitor is constant. The capacitor plates then are pushed close by
the mechanical force, the capacitance value increases and the voltage on the capacitor
decreases. When the voltage decreases to VM − VO − 2Vt , the operation reaches state
B where diodes D1 and D3 start turning on. At this time, a positive charge q1a (i.e. as
shown in Fig. 4.3 (a)) is delivered to the variable capacitor. The amount of charge q1a
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equals the total charge differences between states B and C. When the distance of the
plates is decreasing, the charge on the variable capacitor reaches its maximum value
Ca (VO − Vt ) as state C is reached. Then the circuit starts to harvest energy, and the
diodes are all off again. The variable capacitance value decreases when the capacitor
plates are pulled apart which makes the voltage of the variable capacitor increase, and
the state goes from C to D. When the voltage on the capacitor increases to 2VO + Vt ,
state D is reached and diode D2 turns on. When the mechanical force is pulling apart
the capacitor plates, the voltage on the capacitor increases until it reaches its maximum
value again, where
VM = 2VO +Vt +

1
(ρ − 2) (VO −VN ) .
1+a

(4.19)

The charge q2 , delivered from the variable capacitor to the load, equals the charge difference between states D and A as shown in Fig. 4.3 (c). In steady state, q1a in phase 1
equals q2 in phase 2
q1a = q2 = Cb κ (ρ − 2) (VO −VN ) ,

(4.20)

with κ = a/(1 + a).
The cycle area ABCD is the electrical energy that is converted by the variable capacitor
during a cycle, where the average power can be calculated by

PE = f Cb κ (ρ − 2)(VO + 2Vt ) (VO −VN ) .

(4.21)

The average output current is
IO = f (q2 − q1 ) = f Cb κ (ρ − 2) (VO −VN ) .

(4.22)

The average output power that is received by the load is
PO = f Cb κ (ρ − 2) (VO −VN )VO .

(4.23)

Based on (5.12), the output power PO is proportional to κ (increasing κ means increasing C2 ) and increasing ρ increases PO and the output voltage range (i.e. decreases VN ).
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PO

increasing Κ
increasing Ρ

VO
VN

F IGURE 4.4: Output power of the regenerative energy harvester.

For any set of values of VI , Vt , and κ, using (4.5) and (5.12) we can find a value of
ρ for which the output power of the regenerative harvester in (5.12) is larger than the
net power of the conventional harvester in (4.5) for any value of VO . For example, in
a practical case with VI = 2 V, Vt = 0.6 V, and C2 = 10 · Cb = 30 nF, the regenerative
harvester delivers more power when ρ > 3.29.
For example, if Vt = 0 V and κ = 1, the regenerative harvester always delivers more
p
power when ρ > 1 + 3/4 = 2.15. If Vt = 0 V and κ = 0.5 (i.e. C2 = Cb ), the regener√
ative harvester always delivers more power when ρ > 1 + 2 = 2.41. In a practical case
with VI = 2 V, Vt = 0.6 V, and C2 = 10 ·Cb = 30 nF, the regenerative harvester delivers
more power when ρ > 3.29.
Fig. 4.5 shows how the normalised output power of the regenerative harvester (i.e. divided by f Cb ) changes with VO when ρ = 2.75, Vt = 0.6 V and VI = 2 V with different
a (i.e. C2 /Cb ). The output power of the regenerative harvester grows quadratically with
the output voltage and it is higher for higher a. In contrast, the PN of the conventional
harvester decreases for voltages higher than 1.6 V in this case. For a > 1 (i.e. C2 > Cb ),
the output power PO of the regenerative energy harvester is higher than PN of the conventional one.
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F IGURE 4.5: Output power and net power of the regenerative and conventional energy
harvesters.
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F IGURE 4.6: Regenerative electrostatic energy harvester with n stages.

4.3

Regenerative Energy Harvester with Multistage

In order to obtain a better performance, multiple regenerative energy harvesters can
be connected in serious to achieve a higher output power. The design of a n stages
harvester is shown in Fig. 4.6. A two-stage one is studied as an example to understand
how the multistage harvester operates. Fig. 4.7 presents how a two-stage harvester work
in two phases. Similar to the single stage harvester, the variable capacitor increases to
its maximum value Ca in the first phase when a mechanical force is applied. The diodes
D1 and D3 are on and D2 is off. Therefore capacitors C1 , C2 are connected in parallel to
the load. The charge delivers to the load is
q1 = 0 .

(4.24)
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F IGURE 4.7: Two-stage harvester operation.

In the following phase, the capacitor plates are pulled apart by mechanical force and
the capacitance decreases to its minimum value Cb . D1 and D3 are off and D2 are on.
Under this condition, the two capacitors are connected in series with the load. The
charge transferred to the load can be calculated by
q2 = Ct

κ
((ρ n − n − 1)VO − (ρ n + 1)Vt ) ,
n2

(4.25)

where
Ct = nCb .

(4.26)

q2 − q1 > 0 (i.e. positive charge delivers to the load), if ρ > (n + 1)/n and VO > VN with
VN =

ρ n+1
Vt .
ρ n−n−1

(4.27)
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F IGURE 4.8: Power components PO and PM of the multistage and single stage energy
harvester circuits with a same Ct .

The average output current can be calculated by
IO = f (q2 − q1 ) = f Ct

κ
(ρ n − n − 1) (VO −VN ) .
n2

(4.28)

The average output power and input mechanical power (i.e. harvested by the variable
capacitor) can be calculated by
κ
(ρ n − n − 1) (VO −VN )VO
n2

(4.29)

 



PO .
κ VVOt + n + 1 + n(2 − κ)ρ 1 − VVOt

(4.30)

PO = f Ct
and
PM =

ρ−1
2ρ

Fig. 4.8 shows how PM and PO of multistage in comparison to the single-stage structure.
Increasing n helps the harvester operate at the low output voltage. It can be seen from the
figure, at a low output voltage, multistage circuits deliver higher output powers than the
single-stage circuit. This means multi-stage harvesters are more suitable when operating
at lower output voltages conditions and can start faster than single-stage circuits.
The ratio between output power and mechanical power is
η=

2ρ
 


 .
(ρ − 1) κ VVOt + n + 1 + n (2 − κ) ρ 1 − VVOt

(4.31)
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F IGURE 4.9: Ratio η = PO /PM of the multistage energy harvester compared to the
single-stage circuit with the same Ct .

Fig. 4.9 shows how η changes with different output voltage VO and with different number of stages. Increasing n increases the output voltage range without changing ρ.

4.3.1

Design Considerations

The design objective of harvesters is to maximize the energy that can be transferred
under the same vibration for given constraints (e.g. under same Vt , capacitance change
ratio ρ, and total capacitance Ct ). Based on the (4.27), it can be summarized that, for
given values of Vt and ρ, increasing the number of stages will reduce VN and increases
the output power at low output voltages.
The maximum n that satisfies the condition can be find by comparing the output power

which is


n=



PO (n) ≥ PO (n + 1) ,

(4.32)

v




u
u
4 1+ VVt
(ρ−1)−ρ VVt
1 + t1 +  O
2O 
.
ρ−3−(ρ+2) VVt

O

(4.33)

ρ−3−(ρ+2) VVt
O

2 (ρ−1)−ρ VVt
O



Fig. 4.10 shows the optimized power with different stages. At high output voltages,
compare with multistage, a single-stage harvester is more efficient and delivers more
power. While at lower output voltages, the multistage circuit works better.
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F IGURE 4.10: Output power with optimized number of stages at different VO .

From (4.33), the minimum ρ that guarantees the PO of a single-stage harvester is better
than that of multistage circuits can be calculated by
ρ ≥ 2.5 +

4Vt
.
VO −Vt

(4.34)

Therefore for ρ ≤ 2.5 (i.e. low environmental vibration conditions), multi-stage harvesters are more efficient and produce more power when compared with the single-stage
circuit.

4.4

A New Class of Electrostatic Energy Harvester Based
on Multiple Variable Capacitors

As mentioned in the previous harvester design, electrostatic energy harvesters that based
on variable capacitors are more suitable for low-power and portable devices.
One of the challenge that the single stage harvester faces is that the capacitance change
ratio ρ has to be greater than two to make the harvester start to operate. This is not
easy to be achieved especially in the applications that are the main power source is the
human motion (e.g. wearable devices).
Table 4.1 lists different energy sources with their properties and the calculated capacitance change ratio ρ [5, 29, 66]. The highest power can be generated is topically

Chapter 4. Energy Harvester Design

48

TABLE 4.1: Properties and Capacitance Change Ratio of Typical Energy Sources [5,
29, 66].

Source
Human motion
Industrial machine
Vehicle engine
Laboratory shaker

Frequency
(Hz)
0.1 to 10
1 k to 10 k
30 to 200
1 to 1 k

Power density
(µW/cm3 )
5
500
100
20

ρ
1.1 to 1.6
50 to 200
5 to 10
1.1 to 10

C2
C4
C3

C1

C1

C2

C1

C3

C2

CT

F IGURE 4.11: Divide a single variable capacitor to a plurality.

harvested with industrial machines which operate at very high frequencies. Under this
vibration, the capacitance ratio ρ that can be achieved is higher than 50. This value can
not be achieved under human motion where much lower frequencies and power densities are occurred. Under a human motion, the typical value that ρ can reach is around
1.1 to 1.6. Under this condition, the conventional harvester can not work as it requires
ρ higher than 2. This limitation makes the conventional energy harvester not suitable
for wearable devices under low vibration conditions.

4.4.1

A new energy harvester design with low capacitance change
ratio requirement

In order to overcome ρ requirement issue in the conventional harvester (i.e. ρ > 2), we
design harvesters based multiple variable capacitors as shown in Fig. 4.11.
Fig. 4.12 shows the schematic of proposed regenerative energy harvester with even numbers of variable capacitors. All the capacitors are assumed to vibrates in the same way
(i.e. capacitances decrease and increase at the same time) with no special arrangements.
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F IGURE 4.12: Proposed regenerative energy harvester with even number of variable
capacitors.
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F IGURE 4.13: Proposed regenerative energy harvester with 4 variable capacitors.

The proposed regenerative energy harvester contains 2n variable capacitors Ci , 4n − 1
diodes, and a load.

4.4.2

Example energy harvester operation

Fig. 4.13 shows an example operation of the proposed harvester with 4 variable capacitors. It operates similar to the single capacitor based harvester. In the first phase as
shown in Fig. 4.13, phase 1, diodes with even numbers are on while the other diodes
are off. Capacitors C1 and C2 are in series as well as capacitors C3 and C4 , then the two
sets of capacitors are connected with the load in parallel. The load precharges all the
capacitors with the amount of charge
q1 =

3
(( 3 ρ − 4)VO + 2( ρ − 1)Vt )Cb .
10

(4.35)
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In a second phase, the connection of the capacitor is shown in Fig. 4.13, phase 2. The
charge harvested by the load is
2
q2 = (( 3 ρ − 4)VO − 2( ρ − 1)Vt )Cb .
5

(4.36)

In a simply case where Vt = 0 V, the harvester starts to work when ρ > 4/3 as at this time,
q2 − q1 > 0. This structure (e.g. four variable capacitors) decreases the ρ requirement
from 2 to 1.33. If Vt > 0, the harvester start to operate (e.g. harvest energy) when
VO > VN , where VN =

2(ρ−1)
3ρ−4 Vt .

The average current delivers to the load is
IO = f ( q2 − q1 ) =

f
( 3 ρ − 4) (VO −VN )Cb .
10

(4.37)

The average power (i.e. received by the load) is
PO = IO VO =

4.4.3

f
( 3 ρ − 4) (VO −VN )VO Cb .
10

(4.38)

Multiple variable capacitor operation

A more general harvester model is developed for 2n capacitors. Assuming Vt = 0 V, the
average output current that harvested by the load can be written by

IO = f

3 ( (2n − 1) ρ − 2n )
CT VO ,
4 n ( 22n − 1 )

(4.39)

where CT = ∑2n
i=1 Ci is the total capacitance when the capacitors are at their minimum
value (i.e. Ci = Cb ).
The average output power (i.e. received by the load) is
3 ( (2n − 1) ρ − 2n )
PO = f
CT VO 2 .
2n
4n(2 − 1)

(4.40)
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F IGURE 4.14: Output power of the proposed regenerative energy harvester with multiple variable capacitors as a function of ρ.

Fig. 4.14 shows the normalized output power of the proposed regenerative energy harvester with multiple variable capacitors as a function of ρ under the same total capacitance CT . It can be found from the figure that increasing n will decrease the ρ
requirement. However, with the same ρ, the power generated under a higher n with
higher stages is lower due to the evolvement of higher number of diodes which means
more energy is dissipated in the diodes. The desinger should chose the stage based on
the vibration requirements as well as power requirements of the target devices that the
harvester will drive.
The relationship of the minimum capacitance change ratio ρm and number of capacitors
2n as shown in Fig. 4.15 can be described by

ρm = 1 +

1
2n − 1

.

(4.41)

4.4.4 Ci optimization
Instead of dividing the total capacitor CT in to the same proportion (i.e. Ci = Ci+1 with
i = 1 to 2n), the difference of capacitance proportion (i.e. Ci is not always equal to Ci+1

Chapter 4. Energy Harvester Design

52

Ρm
2

1

2

4

6

8

2n

10

F IGURE 4.15: The minimum required capacitance change ratio ρm as a function of the
number of capacitors n.
TABLE 4.2: Optimized capacitance proportion that delivers the highest PO

No.
2
4
6
2n

C1
1/2
1/6
1/14
1
2n+1 −2

C2
1/2
1/6
1/14
C1

C3

C4

C5

C6

1/3
1/7
2 ·C1

1/3
1/7
2 ·C1

2/7
22 ·C1

2/7
22 ·C1

···
···
···
···
···

C2n−1

C2n

2n−1
2(n+1) −2

2n−1
2(n+1) −2

with i = 1 to 2n) also influences the power that harvester can obtain.
Table 4.2 shows the optimized capacitance proportion that has the greatest output power.
With the optimized capacitance Ci , the output power can achieve increases to
PO = f

( 2n − 1 ) ρ − 2n
CT VO 2 .
n+1
2
(2
− 2)

(4.42)

Fig. 4.16 shows the output power of the regenerative energy harvester as a function of ρ
with even Ci and optimized Ci . When the number of capacitors is two, in both cases, the
two capacitors have the same capacitance. However, from the figure, when the harvester
has four and six variable capacitors, the optimized design of Ci makes the harvester
delivers a higher output power. With higher ρ, the difference of the PO becomes more
significant. If the design technology allows (e.g. makes the capacitor with different size
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F IGURE 4.16: Output power of the regenerative energy harvester as a function of ρ
with even Ci and optimized Ci .

is not complicated), the designer should consider following the optimized Ci in order to
achieve a better output performance.
In overall, this chapter introduces designs of different type of regenerative energy harvesters based on the transducer, mechanically-variable capacitors. Depends on the application (e.g. power requirement, environment vibration conation the harvester will be
placed), different structure of harvester can be chosen and applied. Basic single stage
regenerative electrostatic harvester has the simplest structure and can start without the
presence of a startup battery. Multistage harvester has a better output power but needs
more variable capacitors and switch elements which will increase the size and weight
of the harvester. Under low vibration conditions, the new class of harvester based on
multiple variable capacitors can start under low vibration environment (i.e. ρ < 2) with
limited influences on the size and weight of the device. If the technology of fabricating
the capacitors allows easy change of capacitance size, optimized Ci should be followed
to achieve a higher output power.

Chapter 5
Switch Element Design and
Optimization
Different designs of energy harvester are introduced and analyzed in the previous chapter to maximize the adaptability of the harvester to the environment as well as to achieve
better performance (i.e. higher output power). Besides optimize the transducer (e.g. material property, fabrication technique, etc.) that we will discuss in Chapter 7, another
important factor that affects the performance of the harvester is the power loss due to the
switching elements. The ability to start from a low supply voltage and convert a weak
vibration to power are the keys to meet future demands on energy harvesting technology. In this chapter, a MOS active diode with low forward voltage is presented. The
proposed active diode obtains a near-zero reverse leakage by only permitting current
movement in one direction, and achieves a low forward voltage that is close to zero
while having low static power. The proposed active diode has several advantages: it
can work under a wide range of voltages, it lowers the power losses in the regenerative
harvester and has an increased output voltage range, and allow the harvester to start in
a low vibration environment.
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Design and Model of the Active Diode

In harvesters that work at low voltages, the efficiency is limited not only due to the
reverse leakage in the diodes but also to the forward voltage of the diode. If the forward
voltage is too high, the majority of the energy will be lost over the diodes, and the
harvester may not start. Schottky diode and low threshold transistors can be used to
reduce the forward voltage [67, 68]. However, these techniques require special CMOS
fabrication processing at an additional cost [69]. On-chip external threshold cancelling
is another technique that can reduce the forward voltage. However, some designs have
increased reverse leakage at higher voltages [70, 71]. Since the output voltages of an
energy harvester vary due to the changes in external vibration, designing a diode that
can operate under variable supply voltages is essential.
The design of the active diode has to meet several constraints. It must function with
ultra-low supply voltages VDD (i.e. output voltage from the harvester circuit containing
the diode), as well as variable voltages between anode and cathode (i.e. VD ). Additionally, the static current of the circuit should be relatively small compared with the
quantity of current it supplies, and the passive power draw should be near zero. Lastly,
the circuit should be able to respond quickly when VD changes. An alternative active
diode design is presented to achieve a low forward voltage [70]. However, it has a high
response time, making it less useful for low power energy harvesters. To address this
issue, an active diode with low forward voltage is introduced here.
The circuit in Fig. 5.1 operates by amplifying VD , where VD = V+ − V− , and applying
that to the gate of the main transistor M7 . The analysis of the circuit is performed
assuming the transistors are biased in the subthreshold region of operation. The voltages
VP (PMOS) and VN (NMOS) are used to bias the transistors (e.g. M1 and M0 ), and must
be provided using an external voltage reference. We label the drain current, width and
length of the transistor Mh to be Ih , Wh , and Lh where h is the index of the transistor.
The equation describing the approximate relationship between drain current, gate to
source voltage VGS and drain to source voltage VDS is

 |V |
−|VDS |
GS
Wh
Wh |VGS |
V
Ih = ID0
1−e T
e VT ≈ Is e VT ,
Lh
Lh

(5.1)
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F IGURE 5.1: NMOS configuration of the active diode circuit
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F IGURE 5.2: PMOS configuration of the active diode circuit
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F IGURE 5.3: Characteristics of the NMOS active diode with different biasing current
compare with the diode connected NMOS transistor.
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where VT is the thermal voltage, and ID0 is a constant per techonology. In performing
the analysis on each part of the circuit, e

−|VDS |
VT

reduces to 0 for transistors M0 to M6 , as

|VDS |  VT . The gate voltage of M0 and M1 is related to I0 by


L0 I0
VG0 = V+ +VT ln
W0 Is


,

(5.2)

which can be used in combination with 5.1, to calculate the drain current of M1 , such
that
I1 = ID0

W1 VG0V−V−
L0W1 VVD
e T = I0
e T.
L1
W0 L1

(5.3)

I3 can be calculated, as VGS is the same for M3 and M2 , where
I3 = I0

L2W3
.
W2 L3

(5.4)

I4 can be found using KCL, where I4 = I1 − I3 , giving
I4 = I0

L0W1 VVD
L2W3
e T − I0
.
W0 L1
W2 L3

(5.5)

If transistors, M0 , M1 , M2 and M3 have been sized such that
L0W1 L2W3
=
,
W0 L1 W2 L3
I4 can be simplified to
L0W1
I4 = I0
W0 L1

(5.6)

 V

D
e VT − 1 .

(5.7)

As VGS is the same for M5 and M4 , I5 is based on I4 , where
L4W5
L0W1 L4W5
= I0
I5 = I4
W4 L5
W0 L1W4 L5

 V

D
e VT − 1 .

(5.8)

Lastly, as M6 and M7 have the same gate voltage and I6 = I5 , ID can be expressed as
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F IGURE 5.4: Regenerative electrostatic harvester.


 V
−VD
D
L6W7
V
ID = I6
1 − e T e VT
W6 L7

2
−VD
L0W1 L4W5 L6W7
V
= I0
1−e T
,
W0 L1W4 L5W6 L7

(5.9)

where the drain to source voltage of M7 contributes to its current. Fig. 5.3 presents
the characteristics of the active diode with different biasing currents compared with the
MOS diode of equal size to M7 .
The equations describing the operation of the PMOS topology operate under the same
principles as the NMOS and are functionally identical. The decision to use the NMOS or
PMOS topologies depends on the values of V− and V+ . If V+  0, the PMOS topology
will function well, while if V−  VO , the NMOS topology is preferable.

5.2

Regenerative Electrostatic Harvester

As shown in Fig. 5.4, the regenerative energy harvester contains two type of capacitors
include a mechanically-variable capacitor Cvar and a constant capacitor C1 . The switch
elements are implemented with diodes (e.g. D1 , D2 , D3 ). A load is used to store the
energy that is harvested. The assumption that the dielectric layer vibrates with a periodic waveform at a certain frequency f is made. It is assumed Cvar varies between a
maximum value Ca , and a minimum value Cb in response to mechanical vibrations, and
changing distance between the plates. The last set of assumptions are that the diodes
operate as ideal diodes and have a forward voltage of VD , the circuit is analyzed under
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F IGURE 5.5: Minimum required ρ as a function of VD .

stationary conditions, with instantaneously charging and discharging operations. The
voltage across the load is VO .
In one operation cycle, the charge delivered to the load can be calculated by


ρ +1
a
(ρ − 2)Cb VO −
VD ,
q=
1+a
ρ −2

(5.10)

where a = C1 /Cb , and ρ = Ca /Cb is the ratio of the variable capacitor maximum to
minimum capacitance [14].
When ρ > 2 and VO > (ρ + 1)VD /(ρ − 2) are achieved, q is higher than zero and energy
is harvested by the load (i.e. positive charge flows). This defines the minimum required
ρ (e.g. the minimum vibration condition) under which the harvester can deliver power
as

ρ > 2+

3VD
.
VO − VD

(5.11)

Fig. 5.5 shows the minimum required ρ as a function of VD . When the diode forward
voltage decreases, the ρ that is required for the harvester to operate becomes smaller.
It is difficult to achieve a high ρ under low amplitude vibrations as there is less force
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F IGURE 5.6: Normalized output power of the regenerative harvester as a function of
VO with different VD .

to push the plates together. Human motion produces high-amplitude and low-frequency
vibrations, under which the capacitance change ratio is generally small (e.g. less than
five) depending on the technology used to fabricate the transducer [72]. By lowering VD ,
the harvester can work under a moderate vibration environment and thus the operation
range is extended.
The average output power that the load received is


a
ρ +1
PO = f Cb
(ρ − 2) VO −
VD VO .
1+a
ρ −2

(5.12)

The output power PO depends on a and ρ, and decreases with VD . Fig. 5.6 shows the
normalized output power of the regenerative harvester as a function of VO when ρ = 3
and a = 1 with different VD . From the figure, when the output voltage increases, the
output power of the regenerative harvester grows quadratically. When VD decreases
(e.g. use the proposed active diodes), more power can be delivered to the load and the
harvester obtains a wider output voltage range.

Chapter 5. Switch Element Design and Optimization

61

TABLE 5.1: Transistor sizes used for this work.

Transistor M0
W (nm) 400
L (µm)
6

M1
400
0.4

M2
400
6

M3
400
0.4

M4
400
1

M5 M6,1 * M6,2 * M7
400 400 400 20000
0.4
3
3
0.5

* M6 is comprised of two diode connected transistors in series in place of a single diode connected transistor to save area.

TABLE 5.2: Transistor sizes used for the active diode in [70].

Transistor M1
W (nm) 20000
L (µm)
0.5

5.3

M2
400
0.4

M3
400
1

M4
400
1

M5
400
1

Simulation Results

Circuit simulations of the active diode were performed using the Cadence Virtuoso
environment with TSMC 65 nm 2.5-V technology. The regenerative energy harvester
was implemented using the active diodes as switching elements with a Verilog-A model
of the mechanically-variable capacitor subject to vibrations. From Fig. 5.4, it can be
seen that D2 and D3 are NMOS active diodes, given that their respective V+ and V−
terminals are at a relatively low voltage, whilst D1 is a PMOS active diode, as V+ and
V− are at a relatively high voltage. The transistors sizes used for the active diodes in
this work can be seen in Table 5.1. The results are compared to both a MOS diode and
the active diode circuit from [70]. The MOS diodes are of equal size with M7 . The size
of the transistors for the active diode from [70] are listed in Table 5.1.

5.3.1

Active Diode Characteristics

The characteristics of the proposed NMOS active diode were simulated and the result
can be seen in Fig. 5.7, where it is compared to the MOS diode. When VD is low (e.g.
lower than 300 mV), the MOS diode conducts current on the order of pA. At VO = 2.5 V,
the active diode and active diode from [70] conducts 34.5 µA and 2.1 µA respectively,
at VD = 50 mV. The current transmitted by both active diodes decreases with VO , though
the effect is more pronounced with the active diode from this work.
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F IGURE 5.7: Active diode characteristics.

5.3.2

Impact of the Output Voltage

The active diode is then applied to the regenerative harvester to test its performance.
The first set of tests involved testing the output current of the harvester with different
VO . The results can be seen in Fig. 5.8. At higher VO (e.g. about 0.5 V), the output
currents of the harvester with the active diodes and MOS diodes all increase linearly
when VO increases. The energy harvester using the active diodes (e.g. the proposed
active diode or the one from literature) consistently produced more current than the
MOS diode energy harvester. The proposed active diode was found to generate higher
output current than the active diode in [70]. The output current differences of the two
active diode are increase with output voltages. The MOS diode fails to produce any
power below 0.8 V, while the active diodes work well under the same voltage.

5.3.3

Impact of the Capacitance Change Ratio

Using the proposed active diode in the harvester can also lower the minimum ρ requirement, according to (5.11). From Fig. 5.9, it can be seen that the harvester with
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F IGURE 5.8: Output current vs output voltage. The variable capacitor featured a ρ = 4,
Cb = 1.2 nF, C1 = 12 nF, and operated at 50 Hz.
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F IGURE 5.9: Output power vs ρ. The circuit featured a Cb = 1.2 nF, C1 = 12 nF, and
VO = 1 V.
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active diode generates power when ρ > 2.05, while the MOS diode circuit generates
power when ρ > 3.2 and the active diode from [70] requires ρ > 2.2. By using the
proposed active diode, the energy harvester can be applied to wider vibration conditions than with passive diodes (e.g. for low-frequency vibration conditions like human
motions) and still harvest sufficient energy. Under the same ρ, the harvester based on
the proposed active diodes generates the highest amount of power.
In overall, this Chapter presents a MOS active diode with an ultra-low forward voltage that is suitable for low power devices. Energy harvesting applications are a target that requires low power losses due to the diodes. Compared with the traditional
diode-connected MOS transistor, the regenerative energy harvester with active diodes
performs better, starts at lower voltages and generates more power under less vibration. The proposed active diode slightly outperforms the active diode from [70], on the
benchmarks used, however it is more complex. The proposed design has a minimized
reverse leakage and can be widely used in many other applications.

Chapter 6
Coupled System for Electrostatic
Energy Harvester
The traditional electrostatic energy harvester is typically based on a mechanically variable capacitor that requires a preset charge to initialize the energy conversion. This
voltage bias requirement involves a startup battery which decreases the compatibility
of the harvester. The regenerative energy harvesters are studied in Chapter 4 to overcome the startup battery limitation, as these harvesters are self-starting systems that
can initiate from electrical noise and generate an output voltage that increases exponentially. The rapidly increasing output voltage in the regenerative energy harvester brings
a problem to the traditional model of the electrostatic energy harvester as mentioned
in Section 3.2. The transducer force (i.e. Coulomb force) between the plates of the
variable capacitor, which is usually ignored in the traditional harvester model due to
the low output voltage involved, becomes very significant when the regenerative energy
harvester keeps on operating [15]. Some studies were done to analyze the transducer
force in harvesters by setting a limiter or a stopper to the plates of the variable capacitor
[16–18]. This method is efficient in the design of MEMS-based devices. However, in
multi-layer structure based harvesters, the limiter is usually not applied, and a nonlinear
system of the variable capacitor needs to be studied.
In this chapter, a mechanical model of the variable capacitor includes the electrical
force is discussed. The mechanical model is then combined with the circuit operation
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F IGURE 6.1: Regenerative electrostatic harvester with coupled mechanical system.

to estimate the maximum output voltage that the harvester can generate. Simulation and
calculation results are compared, and the related design tradeoffs are analyzed.

6.1

Simple Electrical Model of the Electrostatic Harvester

As discussed in Section 4.2, the proposed electrostatic harvester in Fig. 6.1 contains a
constant capacitor (C2 ), three diodes (D1 , D2 and D3 considered ideal), a mechanically
variable capacitor Cvar , and a load (C1 ). The variable capacitance changes with a periodic waveform at frequency f between a maximum value Ca , when the plates are close,
and a minimum value Cb , when the plates are distant. The displacement of the variable
capacitor plates is affected by the external vibrations and the internal spring and damper
system as well as the electrical force (i.e. Coulomb force) between the plates.
In the two different phases of the circuit operation, the charges deliver to the load are
a b (a + ρ) (ρ − 2)
Cb (VO − VN ) ,
First phase ,
(a + b + a b) (a + b + ρ)
a b (ρ − 2)
q2 =
Cb (VO − VN ) ,
Second phase ,
a+b+ab
q1 = −

(6.1)
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(6.2)

where a = C2 /Cb is the ratio between the constant capacitance to the minimum variable
capacitance, b = C1 /Cb is the ratio between storage capacitance and the minimum variable capacitance, ρ = Ca /Cb is the ratio of maximum to minimum capacitance, and Vt
is the forward voltage of the diodes.
While the charges on the variable capacitor are
qc1 = ρ Cb (VO − Vt ) ,

First phase ,

(6.3)

qc2 = ρ Cb (VO − Vt ) − q2 , Second phase .
If ρ > 2, and VO > VN , then q1 + q2 > 0, and qc1 > qc2 for any value of a, b, Cb , Vt and
VO (VO is assumed positive because of the polarity of diodes D1 and D2 ) and the voltage
gain per cycle is
a b (ρ − 2) (1 − VVNO )
q1 + q2
A = 1+
.
= 1+
C1 VO
(a + b + a b)(a + b + ρ)

(6.4)

The output voltage when the load is capacitive is
VO (h) = Ah VO (0) ,

(6.5)

where VO (h) is the voltage across C1 at time index h = d f te and VO (0) is the initial
value. If the storage capacitor C1 is not discharged (i.e. no resistive load is connected
in parallel), its voltage grows exponentially. The voltage gain per cycle A is higher
than 1 when the capacitance ratio ρ is larger than 2 + 3Vt /(VO − Vt ). However, the
output voltage can not increase exponentially forever due to the damping losses and the
increasing Coulomb force when the voltage across the variable capacitor increases.
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The mechanically variable capacitor is the key component of the energy harvesting system as it is a transducer that interacts with the environment. Inside the mechanically
variable capacitor, the most important part is the dielectric layer as most energy is harvested from the distance changes of the two capacitor plates by vibrating the dielectric
layer.
When a mechanical force is applied to the variable capacitor, the dielectric layer thickness changes and the capacitor is modelled as a mass-spring-damper system which is
shown in Fig. 6.1.
From (6.3), the charge on the variable capacitor is proportional to VO . When the harvester operates, the Coulomb force between the two plates increases rapidly due to the
exponentially increased VO . By taking into account the electrical force, the conventional
second order mass-spring-damper system is improved to:

− mÿ = mz̈ + Fs + Fb − Fe ,

(6.6)

where m is the mobile mass on the plate, y is the input displacement, z is the dielectric
layer deflection, Fs is the spring force, Fb is the damper force, and Fe is the electrical
force. The three forces can also be written as
Fs = kz
Fb = bm ż
Fe =

q(t)2
2ε0 εr A

(6.7)
,

where k is the spring constant, bm is the damping coefficient, ε0 is the electric constant
of vacuum, εr is the electric constant of the dielectric material, A is the capacitor plates
overlapping area, and q(t) is the charge on the capacitor at time t.
By including the electrical force Fe , the conventional second order system becomes
nonlinear. To simplify the system, in the harvester, charges are assumed only transferred
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when the circuit operates from one phase to the other phase. The electromechanical
energy conversion is carried out during the time interval corresponding to the motion of
the mobile plate from Ca to Cb (and Cb to Ca ) positions (e.g. segments BC and DA in
Fig. 4.3(c)). The energy collected by the variable capacitor is transferred to the storage
during the process. On the other side, when the variable capacitor is carrying a fixed
charge (e.g. in one of the two phases when the charge on the capacitor is constant,
segments CD and AB in Fig. 4.3(c)), the electrical force between the two plates does
not change. The system equation is then piecewise defined due to the electrical forces
in the two phases (i.e. Fe1 and Fe2 in corresponding the two stages of charge) as

− mÿ = mz̈1 + bm ż1 + kz − Fe1 ,

First phase,

(6.8)

− mÿ = mz̈2 + bm ż2 + kz − Fe2 , Second Phase,
which is a coupled system that consists of the resonator, the variable capacitor, and the
conditioning circuit with the dielectric layer deflection z1 and z2 in two phases.
When there is a mechanical force from a resonator, for example, an external sinusoidal
excitation vibration which can be described by ys = Y0 cos(ωt) is applied to the variable
capacitor. The second order system is solved, and the layer deflection z in two different
phases can be written by
Fe1
,
k
(6.9)
Fe2
r1 t
r2 t
z2 = B12 e + B22 e + D1 sin(ωt) + D2 cos(ωt) +
,
k
where B11 , B21 , B12 , and B22 are arbitrary constants related to the system initial condiz1 = B11 er1t + B21 er2t + D1 sin(ωt) + D2 cos(ωt) +

tions and the other coefficients that are related to the dimension of the capacitor, and its
mechanical properties can be calculated by
p
p

2 − 4km
−b
−
b
−b
+
b2m − 4 k m

m
m
m

,
r2 =
,
r1 =
2m
2m

mY0 ω 2 (k − m ω 2 )
mY0 bm ω 3

D1 =
,
D
=
.
2
b2m ω 2 + (k − m ω 2 )2
b2m ω 2 + (k − m ω 2 )2

(6.10)
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Initial Conditions

For the system initial conditions, in the first phase (i.e. from 0 to t), the mechanical force
pushes together the plates and makes the thickness of the dielectric layer (i.e. distance
between two capacitor plates) decrease from zMax to zMin (i.e. the local maximum and
minimum of the dielectric layer deflection). In the second phase (i.e. from t to T , and
T is the period of the operation), the mechanical force pulls apart the capacitor plates
by working against the electrostatic attraction and increases the potential energy of the
charges. The distance of the capacitor plates increases from zMin to its original point
zMax . Then the charges which are at higher potential energy (i.e. at a higher voltage)
are transferred to the load. When changing from one phase to the other one, the plates
velocities are the same. Then the relationship of the z and ż between the two phases is

z1 (0) = z2 (T ) = zMax , z1 (t) = z2 (t) = zMin ,
z˙1 (0) = z˙2 (T ) = 0 ,

(6.11)

z˙1 (t) = z˙2 (t) = 0 .

Combining (6.9) and (6.11) together, t is calculated to be T /2, and the arbitrary constants can be calculated from the initial conditions

π r2

D1 ω ( 1 + e ω )


B11 = π r1
,
π r2



ω
ω
−
e
)
r
(
e

1


π r1



D1 ω ( 1 + e ω )


B
=
−
,
21
π r1
π r2


( e ω − e ω ) r2
π r2

π r1 D ω ( 1 + e ω )
π r1

1

−
−

B12 = − e ω B11 = − e ω
,

π r1
π r2


ω
ω
(
e
−
e
)
r

1


π r1


πr
πr
ω )


− 2
− 2 D1 ω ( 1 + e

.
B22 = −e ω B21 = e ω
π r1
π r2
( e ω − e ω ) r2

(6.12)

The arbitrary constants are very useful to analyze the startup operation of the system
(e.g. damping conditions), however, when the system moves to its equilibrium, the
influence of the arbitrary constants is minimized and the system moves to the steadystate condition.
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Steady-state Oscillation

The vibration system which is presented by the differential equations (6.8) of the coupled system is hard and computationally intensive. To reduce the complexity of the
system, a simple numerical approximation of the steady-state solution is calculated.
When the plates of the mechanically variable capacitor oscillate in the steady-state, the
mechanical forces and the electrical force attend to be balanced. On the other hand, the
charge on the variable capacitor tends to be constant so that the electrical force does not
further increase. Based on (6.11), if we assume the thickness of the variable capacitor
dielectric thickness is z0 when the capacitor is at rest, and the electrical force F(t) is
approximated as sinusoidal with zero phase shift to the vibration source (although it is
clearly not sinusoidal). As the capacitance value is inversely proportional to its plate
distance (e.g. Cb = ε0 εr A/(z0 + zMax )) the capacitance change ratio when the variable
capacitor oscillates in steady-state is

ρ=

z0 + zMax
Vt
≈2+
,
z0 + zMin
VO − Vt

(6.13)

so that the system trends to move to its equilibrium and no charge will be transferred
and the electrical force stops increasing and gets balanced to the mechanical forces.
Solving (6.13) and (6.11), the electrical force at the steady-state oscillation is approximated to be

ε0 εr A
Fe ss ≈
8 d2

5
Vt +
2

with

!2
√ p
2 16 d 2 k (3 d − z0 ) + 9 ε0 εr AVt
√
,
2 ε0 εr A

mY0 ω 2
p
d=
,
bm m2 ω 2 + ( k − m ω 2 )2

(6.14)

(6.15)

when the influence of the B11 , B21 , B12 , and B22 is neglected.
Combine (6.14) and (6.3) The maximum output voltage vo ss of the energy harvester at
steady-state oscillation is

5
vo ss ≈ Vt +
2

√ p
2 16 d 2 k (3 d − z0 ) + 9 ε0 εr AVt
√
.
2 ε0 εr A

(6.16)
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F IGURE 6.2: Normalized average electrical force of the regenerative energy harvester
as a function of Y0 .

In order to decrease the complexity, if Vt is assumed to be zero, the electrical force Fe ss
and the maximum output voltage vo ss can be simplified to

Fe ss ≈ k ( 3 p
and

mY0 ω 2
bm m2 ω 2 + ( k − m ω 2 )2

− z0 ) ,

r
√
2
2
0ω
k ( 3 √ 2 mY
− z0 )
2 2 mY0 ω
2
bm m ω +( k − m ω 2 )2
p
vo ss ≈
.
√
bm m2 ω 2 + ( k − m ω 2 )2 ε0 εr A

(6.17)

(6.18)

From (6.17), the Fe ss grows if increase Y0 and k or decrease z0 . The Fess also depends
on the mass m of the capacitor plate, and dielectric damping coefficient bm . As shown
in Fig. 6.2, Fess increases if increase m or decrease bm .
From (6.18), similar to the electrical force, the average maximum output voltage grows
if increase Y0 and k or decrease z0 . Fig. 6.3 shows that, by increasing m or decreasing
bm , the regenerative harvester achieves a higher output voltage.
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F IGURE 6.3: Normalized average maximum output voltage of the regenerative energy
harvester as a function of Y0 .

6.3

Simulation Results and Discussion

We modelled the regenerative energy harvester in the MATLAB Simulink environment,
and a coupled model (i.e. includes both mechanical and electrical properties) of the variable capacitor is used. The regenerative harvester is modelled with ideal diodes which
have a very low forward voltage and on-resistance (i.e. 1 mV, and 1 mΩ). The storage
capacitor C1 is set to be 50 ·C0 (i.e. the initial capacitance of the variable capacitor when
no external force is applied), and C2 is set to be 10 ·C0 . The series resistance of the capacitors is configured to be 1 mΩ. The vibration source ys is sinusoidal with 10 µm of
amplitude and 1 kHz of frequency. The initial voltage on the load capacitor is set to be
2 V. The physical parameters of the variable capacitor are based on the previous work
[59] and are listed in Table 6.1.
Fig. 6.4 (a) is the simulated variable capacitance value Cvar in the 5 s of the harvester
operation. Fig. 6.4 (b) is the magnified waveform of the first 10 ms (i.e. from 0 to 10 ms)
in Fig. 6.4 (a), while Fig. 6.4 (c) presents the last 10 ms (i.e. from 4.990 s to 5 s). Output
voltage VO across the load capacitor in the same 5 s is shown in Fig. 6.5 . From Fig.
6.4 (a), it is clear that the capacitance value of the variable capacitor decreases when
the system moves to the steady-state oscillation. When the harvester starts to work (e.g.
from 0 to 1 ms), the capacitor Cvar varying at its maximum capacitance change ratio of
4.97 (i.e. 2.98 nF/ 0.60 nF). At this time, from Fig. 6.5, VO starts to grow from the preset
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TABLE 6.1: Physical parameters of the variable capacitor

Parameters

Value

ε0

8.854×10−12 F/m

εr

3.39

A

20 × 20 mm2

z0

20 µm

m

10−2 kg

k

190 N/m

b

10 N/(m/s)

3

2.5

Cvar (nF)

2

1.5

1

0.5

0
0

0.5

1

1.5

2

2.5
t (s)

3

0

2.5

3

Cvar (nF)

1.5
1

4

4.5

5

2
1.5
1

0.5
0
0

3.5

2.5

2
Cvar (nF)

3

0.5
0.002

0.004

0.006
t (s)

0.008

0.01

0
4.99

4.992

4.994

4.996

4.998

t (s)

F IGURE 6.4: Simulated variable capacitance value Cvar in 5 s, and magnified waveform
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F IGURE 6.5: Simulated output voltage VO across the load capacitor.

initial voltage of 2 V. When t increases, VO increases while the capacitance change ratio
decreases. From Fig. 6.4 (c), at the last 10 ms, the capacitor Cvar varying at a fixed
capacitance change ratio of 2.02 (i.e. 0.623 nF/0.308 nF). It is higher than the ideal ρ
(i.e. 2 at the equilibrium of the system) due to the energy losses from the on-resistance
of the diodes and series resistance of the capacitors. At this time, the output voltage,
instead of growing exponentially, from Fig. 6.5, grows slower and saturates at a voltage
level of 10.44 V. On the other side, based on (6.18), the maximum output voltage in
the proposed mathematical model is calculated to be 10.92 V which is very close to the
simulation result.
Based on the proposed model, the designer can adjust the parameter of the physical
dimension of the variable capacitor so that a maximum output voltage can be achieved
under different vibration conditions. Under a particular vibration, change the physical
aspect (e.g. increase the weight of the capacitor plate mobile mass, decrease the plates
overlapping area, or reduce the dielectric thickness) will help to achieve a higher output
voltage. On the other side, the designer can also choose different dielectric materials
with lower damping coefficients to obtain a higher vo ss .

Chapter 7
Transducer Implementation and Test
Results
As a transducer that interacts with the environment, the force-sensitive mechanicallyvariable capacitor is the key component of the energy harvesting system. The capacitor
transfers mechanical energy into electrical energy by changing its capacitance under external vibrations. The harvesting operation can be divided into two steps if the switching elements in the harvester are considered ideal. In the first step, an energy-storage
element (i.e. a startup battery or a storage capacitor) is used to precharge the transducer. Then, the gap between the capacitor plates is increased by a mechanical force
that pulls apart the plates by working against the electrostatic attraction and increases
the potential energy of the charges. In the second step, the charges that are at higher
potential energy (i.e. at a higher voltage) are transferred to an output load (e.g. in the
conventional harvester) or delivered back to recharge the storage capacitor (e.g. in the
regenerative harvester). The gap between the capacitor plates then decreases as a result
of the external vibrations, and the capacitance changes back to its initial value.
The force-sensitive feature requires the material of a variable capacitor, especially the
material of the insulating layer to be flexible and elastic. However, not all the standard
technologies and fabrication processes for building conventional capacitors are suitable
for fabricating mechanically-variable capacitors. The parallel-plate film structure is one
of the standard geometries that can be applied to construct a variable capacitor due to
its simple layer arrangements and mechanical model.
76
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TABLE 7.1: Key properties of different dielectric materials

Parameters
PP
PET
paper
nanocellulose
Permittivity (at 1 kHz)
2.2
3.3
3.5 to 5.5
2.9 to 4.5
Dielectric strength (V/µm)
650
580
60
30 to 60
Min. thickness (µm)
1.9 to 3.0
0.7 to 0.9
5 to 10
5 to 20
Temperature range (°C) −55 to +105 −55 to +125 −20 to +200 −20 to +200

In a parallel-plate film structure, the dielectric layer is critical as the energy conversion
happens when the dielectric layer thickness changes under the vibration. The most commonly used dielectric materials to build conventional capacitors are polypropylene (PP)
and polyester (PET). Other materials like polyphenylene sulphide (PPS), paper, and
cellulose are also frequently used [19]. Table 7.1 shows the key properties comparison
between typical dielectric materials including PP, PET, paper and nanocellulose films
[13, 14, 73]. As shown in the table, nanocellulose has a higher relative permittivity, and
safer temperature range compared to the traditional polymer materials and has similar
properties compared to paper. These features make nanocellulose a suitable material
for fabricating variable capacitors. Compared with PP and PET films, the dielectric
strength of the nanocellulose films is lower. However, in WSNs applications, voltages
involved are low, and the dielectric strength of the transducer is not a critical factor. The
minimum thickness of the nanocellulose is larger than the PP and PET films. Nevertheless, the more substantial minimum thickness is partially compensated by a better
permittivity to achieve a good energy density.

7.1

Conventional film based variable capacitor

In the conventional fabrication of the variable capacitor, we use nanocellulose to be the
base material for fabricating the mechanically-variable capacitor as the key properties of
nanocellulose are comparable to the existing capacitor dielectric materials. Moreover,
the cost-effective cellulose is a sustainable and environmentally friendly biomaterial
which is abundant [74, 75]. The pure cellulose film is very thin and flexible, and its
thickness can be controlled around 10 µm. The electrodes of the capacitor are made
with carbon-coated nanocellulose films. With carbon nanoparticles coated evenly on the
cellulose fibers, the film becomes conductive. The carbon-coated nanocellulose films
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F IGURE 7.1: Sketch of the capacitor structure.

maintain the flexibility of cellulose films and have higher conductivity due to the coated
carbon particles [76]. Comparing with metal, which is the traditional electrode material,
carbon-coated nanocellulose films are preferred as they are flexible and biodegradable.
The conventional film-based layered capacitor we made has a simple parallel-plate
structure as shown in Fig. 7.1. The two electrode plates (i.e. conductors) at the top
and bottom are fabricated with conductive layers of carbon-coated nanocellulose films.
The middle dielectric plate (i.e. insulator) is fabricated with a layer of pure cellulose
film. Fig. 7.2 (a) and (b) show scanning electron microscope (SEM) cross-section images of a pure nanocellulose film and a carbon-coated nanocellulose film respectively.
It can be told from the images that each cellulose film contains multi-layered structures which increase the elasticity of the film. For a fabricated three-layer-parallelplate mechanically-variable capacitor, the capacitance available is small (i.e. around
0.02 nF/mm3 ). However, the capacitance can be scaled up by increasing the layer size
and by applying multiple layer structure. As shown in Table 7.2, during the fabrication
process, the dielectric film thickness can be controlled in the range of 6.38 µm to 21.13
µm. The conductive film we prepared can achieve conductivities from the lowest value
of 184.4 S/m to the highest value of 219.0 S/m with an optimized thickness from 46.11
µm to 47.31 µm. With the largest thickness of 47.31 µm, the lowest sheet resistance
is reached of 96.5 Ω/ (i.e. ohms per square). The resistivity of the nanocellulose film
is appeared to be higher than 1011 Ω·m measured by an insulation multimeter (Fluke
1587) under room temperature.
To understand the functionality of the variable capacitor, the capacitance change ratio ρ
is examined under different vibration frequencies and accelerations. A traditional I-V
method was applied to measure the capacitance. Fig. 7.2 (c) presents the capacitance
change ratio ρ under multiple frequencies (i.e. from 30 Hz to 160 Hz) and accelerations
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F IGURE 7.2: Mechanically-variable capacitor: (a) SEM cross-section image of a pure
nanocellulose film; (b) SEM cross-section image of a carbon-coated nanocellulose
film; (c) Measured capacitance change ratio ρ under different vibration f and accelerations.
TABLE 7.2: Electrical Properties of Carbon-Coated Nanocellulose

Film Thickness (µm)
46.11
48.21
47.31

Conductivity (S/m)
184.4
188.3
219.0

Sheet Resistance (Ω/)
117.6
110.2
96.5

(i.e. from 30 m/s2 to 100 m/s2 ). From the figure, under the same acceleration, increasing the frequency firstly increases the ρ until it achieves its maximum value. Further
increasing f decreases the value of ρ. On the other side, increasing the value of acceleration firstly increases ρ significantly, however, under higher acceleration, the increase of
ρ tends to be slow. Overall, the capacitor works well under various vibration conditions
by performing ρ > 2 which is the minimum requirement to start the harvester.

7.2

Inkjet printed variable capacitor

In the conventional film-based variable capacitor, the layers are stacked together naturally without any binding forces. The loose structure makes the space between the
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electrodes plentiful so that the capacitance can be easily changed as demonstrated in
Fig. 7.2 (c). However, the loose structure also makes the capacitor very tick so that it
is not easy to achieve a higher capacitance (e.g. the normalized capacitance in the conventional film capacitor is around 0.02 nF/mm3 ). On the other side, with the uncertain
space between the electrodes evolved, the vibration of the capacitor plates (e.g. under
an external force) is unpredictable as the mechanical model of this irregular dielectric
layer is complicated.
To overcome this issue, inkjet printed capacitor is fabricated in this research to obtain better performance (e.g. higher capacitance with a predictable mechanical model).
The feasibility of combining green nanocellulose materials and inks containing waterdispersible carbon nanoparticles to fabricate the substrate, the dielectric layers, and
the conductive layers using only a conventional low-cost inkjet printer was studied.
Nanocellulose, which has properties comparable to other dielectric materials used in
electronic applications, is a biodegradable, sustainable, and cost-effective biomaterial
[25]. The use of nanocellulose and carbon nanoparticles not only would reduce the manufacturing costs and the environmental impact, but would also make the final printed
devices non-toxic and therefore suitable for use in applications where health and safety
aspects are relevant (e.g. food and beverage packaging).

7.2.1

Materials and printing process

7.2.1.1

Substrate and inks

Previous studies have demonstrated that polymer-based materials that possess high mechanical pliability and electrical permittivity have good performance when they form
the substrate of printed electronics and when they are deposited as dielectric layers
through a conventional inkjet process [77, 78]. However, the environmental impact
of the polymers is not compatible with applications that require excellent recyclability
(e.g., food packaging and disposable devices). Bio-based polymers that are under investigation can solve the environmental problem with a relatively high economic cost.
As an alternative, cellulose is a renewable material with properties that are comparable
to those of traditional polymeric materials, and it is a cost-effective biomaterial that is
easy to source and recycle [25].
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As mentioned in the previous section, nanocellulose has a higher relative permittivity
and a more comprehensive temperature range compared to the other materials in this
table. Although its dielectric strength is lower than that of the other materials, this is
not a critical design factor in printed electronics where the involved voltages are low
and the physical dimensions are large.
In previous studies, nanogold and nanosilver inks are the most commonly used materials for conductive layers because they have a high conductivity and can achieve a low
sheet resistance [23, 24]. However, these materials are expensive and toxic. Producing these nano-based heavy-metal inks also generates significant waste that is harmful
to the environment. In this work, we study a conductive ink that is composed of carbon nanoparticles suspended in an aqueous solution. Carbon nanoparticles (i.e., carbon
black) are very low-cost materials that have a lower environmental impact. Although the
conductivity of nanocarbon ink is lower compared to that of metal-based inks, its low
toxicity makes it a promising candidate for creating printed electronics for applications
where safety and recycling have greater importance than performance (e.g., flexible
electronics and sensors for smart food and beverage packaging).

7.2.2

Inkjet printing

For fabricating circuit elements and interconnections on a flexible substrate, inkjet printing has the advantages of being an additive, non-contact, and no-mask-required process.
This approach also uses less energy, and it is more environmentally friendly compared
to other printing techniques, such as screen printing and microcontact printing, which
typically require more complicated procedures and have limitations regarding required
temperatures and suitable substrates.
In contrast, inkjet microprinting can deposit a range of different inks on a variety of
substrates with acceptable accuracy (i.e., the droplets are smaller than 35 pl). Fig. 7.3
illustrates the process used in this study for fabricating multilayer patterns using an
inkjet printer. First, a layer of conductive carbon nanoparticle ink is deposited and heatcured (e.g., 50°C for 5 s) to form the planned conductive pattern. The same pattern
can be reprinted multiple times to grow the conductive layer to a controlled thickness.
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F IGURE 7.3: The process of fabricating multilayer printed patterns using the inkjet
printing technology.

Then, an insulating nanocellulose ink is deposited to form a dielectric layer. The thickness of the dielectric layer can also be controlled by setting the number of passes to
provide better insulation. Finally, multiple layers can be printed on top of each other to
implement crossovers and different circuit elements.
The objective of this work is to fabricate organic electronic circuits using bionanomaterial based inks, a green substrate, and a conventional inkjet printer. The process consists
of depositing insulating nanocellulose to create a flexible substrate and then printing
conductive carbon nanoparticles and insulating nanocellulose to form conductive and
dielectric layers, which replace metal nanoparticle conductors and polymer-based insulators. For this task, we selected an inexpensive commercial inkjet printer (i.e., Epson
XP 420) based on micro-piezo technology, and we filled the cartridges corresponding
to two different colours with the conductive and the insulating inks. This printer can
produce feature sizes down to 50 µm [79, 80]. For fabricating devices that require
minimum thickness (e.g., capacitors), the dielectric layer can be controlled down to
approximately 2 µm and still provides good insulation.

7.2.3

Substrate and Ink Preparation

The substrate preparation is straightforward. The cellulose pulp is mixed with water
and then naturally evaporated at room temperature for twelve hours to cast a film in a
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container. The size and shape of the film depend on the size and shape of the container,
and the thickness depends on the volume of the pulp-water mixture. For easy printing, a
container with a letter paper size is used. The thickness of the substrate can be controlled
from 2 µm to tens of micrometres. The final product is a flexible and semitransparent
film.
The dimensions of both the carbon nanoparticles and nanocellulose are already very
small (i.e., in the nanometre range), but they need to be dispersed in a solvent to create
printable inks that can flow through the printer nozzles. Water was chosen as the solvent
for both materials in the present study because it is a non-toxic, universal solvent that is
compatible with the printing technology.
In this work, Super C65 carbon nanoparticles (TIMCAL Ltd., Switzerland) were used to
prepare the conductive ink. Cetyltrimethylammonium bromide (CTAB) was mixed with
the carbon nanoparticles as a cationic surfactant to create a multi-positive hydrophile
on the surface of the carbon nanoparticles. The reaction mechanism is shown in Fig.
7.4. The hydrophile enhanced the water dispersibility of the carbon nanoparticles. The
carbon-based inks were prepared by sonicating a weight percentage of 1.0% (wt.%)
carbon nanoparticles (e.g., 1 g) and 0.2 wt.% CTAB (e.g., 0.2 g) in deionized water
(e.g., 100 ml or 100 g) for 30 minutes. Then, the dispersed solution was filtered through
a 6-µm pore size filter to ensure that the solution would not contain any oversized
particles that are larger than the printer’s nozzles. The residual suspension was then
ready to be used as a homogeneous carbon-nanoparticle-based conductive ink. The
stable conductive ink has a viscosity of 2.1 cP measured by a rheometer (Anton Paar
MCR302).
Producing cellulose solutions was not easy due to the fibrous nature of the polymer.
Typically, the dissolution process occurs under the influence of temperature, mechanical energy, and pressure. A cellulose solution can be obtained by directly dissolving the
polymer in N-methylmorpholine-N-oxide (NMMO); this is also known as the Lyocell
process. In this study, NMMO, a 50 wt.% solution in water, supplied by Sigma-Aldrich,
US, was used for dissolving the cellulose with 2 wt.% in water. Then, 7 g of cellulose
pulp was mixed with 50 g of NMMO. The mixture was heated to 120°C during stirring. The temperature was maintained below 130°C to prevent the mixture from being
destroyed. After the mixture had been heated for 1.5 hours, a light yellow, transparent
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F IGURE 7.5: Schematic diagrams for the measurements of the sheet resistance of the
conductive layer.

cellulose solution was obtained. The cellulose solution was then cooled and filtered
through a 6-µm pore size filter to ensure that the cellulose-based ink could pass through
the nozzles. The stable insulating ink has a viscosity of 3.2 cP.

7.2.4

Printing Nanocarbon Ink

Because of their excellent electrical and mechanical properties, polymers such as PET
are widely used as the substrate for fabricating printed electronics using photographic
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or printing processes. However, paper is a more cost-effective and environmentally
friendly substrate that can easily be recycled. This section presents the results of using
three different substrates, i.e., a transparent PET sheet, a conventional paper sheet, and
the cellulose film developed in this study.
Greek cross structures such as the one shown in Fig. 7.5 were deposited with the inkjet
printer using the proposed conductive ink. A digital source-measurement instrument
(i.e., Keithley 2602) was used to perform accurate van der Pauw measurements of the
sheet resistances [81]. This method does not require the measurement of any geometric
dimension and minimizes the resistance contributions of the probes and contacts by
separating the current and voltage electrodes. Based on the diagrams in Fig. 7.5, the
sheet resistance is calculated as
R =

π R12,43 + R41,32
,
ln 2
2

(7.1)

where Ri j,kl = Vkl /Ii j , with the current entering contact i and leaving contact j, and
Vkl = Vk −Vl . To improve the accuracy, the measurement was averaged over the contact
permutations as follows:
R =

π R12,43 +R41,32 +R21,34 +R14,23 +R32,41 +R43,12 +R23,14 +R34,21
.
ln 2
8

(7.2)

Fig. 7.6 shows the sheet resistance obtained with different numbers of passes on paper,
PET, and cellulose substrates. A lower sheet resistance is achieved by increasing the
number of prints due to the increase in the thickness of the printed layers. As shown
in Fig. 7.6(a), compared with printing on paper, when undergoing the same number of
passes, patterns on the cellulose substrate have a significantly lower sheet resistance.
Under the same conditions, the sheet resistances on cellulose and PET substrates are
similar, as shown in Fig. 7.6(b). The patterns become conductive after two prints on
cellulose and PET substrates, whereas the patterns on the paper substrate require four
passes to become conductive. The sheet resistance of the printed pattern on the PET
substrate is higher than that on the cellulose substrate when the number of prints is
small. It becomes lower than that on the cellulose substrate when the number of passes
is increased. However, since the PET surface is hydrophobic, the printed ink requires a
longer evaporation time than those of the other substrates, and this slows the deposition
process of multiple prints.
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F IGURE 7.6: The sheet resistance as a function of the number of prints using nanocarbon ink on different substrates: (a) cellulose vs. paper and (b) cellulose vs. PET.
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Fig. 7.7 presents SEM images of the patterns printed on cellulose and PET substrates.
Figs. 7.7(a) and (c) show the boundary of the patterns printed on the cellulose and
PET substrates under the same scale (i.e. 200 µm). The printed conductive layer (i.e.
printed area) is on the left side, and the bare substrate (i.e., non-printed area) is on
the right side. The boundary between the printed and non-printed areas is even and
straight for the cellulose substrate in Fig. 7.7(a), whereas it is uneven and irregular
for the PET substrate in Fig. 7.7(c). This result occurs because cellulose has a higher
wettability than PET, and when the ink droplets hit the substrate, they are absorbed
and the solvent evaporates quickly. Therefore, a clear boundary emerges between the
printed and non-printed areas. When the ink droplets land on the hydrophobic PET
substrate, they bounce and are scattered in the nearby area, creating irregular patterns.
The slower evaporation process also creates a visible coffee-ring effect (e.g., a ring-like
deposit along the perimeter of the droplet) [82]. Figs. 7.7(b) and (d) show the surface of
the printed conductive ink on the cellulose and PET substrates under a 5 µm scale. The
carbon nanoparticles completely cover both of the surfaces, and the conductive layers
have no gaps.
Compared with the conventional paper and PET materials, the cellulose substrate allows simultaneously obtaining a low sheet resistance (i.e., similar to the sheet resistance achieved using the same ink on the PET substrate) and a fast and accurate printing process (i.e., similar to the performance obtained using a paper substrate). Also,
the cellulose substrate was also chosen because of its good mechanical properties (e.g.,
elasticity) and green properties (e.g., biodegradability).

7.2.5

Experimental Results

7.2.5.1

Conductive Layer

We printed several conductive lines with thicknesses between 2 and 14 µm and with a
minimum width of 300 µm. The optical microscopy image in Fig. 7.8 shows a 300-µmwide line produced with a single pass on the cellulose substrate. In this line, the dried
droplets do not overlap well and do not cover the area sufficiently. As discussed in the
previous section, multiple passes are needed to achieve a low and consistent resistivity,
and the van der Pauw method is used to measure the sheet resistance.
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F IGURE 7.7: SEM images of conductive layers printed on different substrates: (a)
boundary of the layer printed on the cellulose substrate (200-µm scale), (b) surface
of the layer printed on the cellulose substrate (5-µm scale), (c) boundary of the layer
printed on the PET substrate (200-µm scale), and (d) surface of the layer printed on
the PET substrate (5-µm scale).
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F IGURE 7.8: An optical microscopy image of a printed line of the conductive ink on
the cellulose substrate with a designed width of 1 pt.

The pattern realized for measuring the sheet resistance is shown in Fig. 7.9(a) along
with its dimensions. The thickness of the printed conductive layer was measured using
SEM by scanning the cross section. Fig. 7.9(b) shows an SEM cross-sectional image
and the thickness measurements of a sample conductive layer that was printed on a
cellulose substrate. The top image of the figure shows the printed nanocarbon layer,
and the bottom image shows the layered cellulose structure. The average thickness of
the nanocarbon layer of the presented sample is approximately 2.71 µm. Fig. 7.9(c)
presents a printed sample, and Fig. 7.9(d) shows the image of the printed sample when
bent. After the patterns had been printed on the cellulose film, good flexibility was still
maintained.
The resistivity of the material ρ = R d is calculated by multiplying the sheet resistance
R by the thickness of the conductive layer d. Fig. 7.10 shows the sheet resistance
and resistivity as a function of the layer thickness, which we controlled by setting the
number of passes. The average resistivity had a value of 1.39 · 10−2 Ω · m. When
the thickness increased, R decreased because it is inversely proportional to the layer
thickness. When the thickness was approximately 2.11 µm, R was 6.73 · 103 Ω/sq.
When the thickness increased to 14.1 µm, R decreased to 898 Ω/sq.
Table 7.3 compares the resistivity of the proposed nanocarbon ink with results reported
in the literature. The proposed ink has a lower resistivity than in previous works using
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F IGURE 7.9: (a) Designed Greek cross pattern with dimension in mm, (b) SEM crosssectional image and thickness measurement of a nanocarbon conductive layer on cellulose substrate (8-µm scale), (c) printed sample of the measurement pattern on the
cellulose substrate, and (d) bending the printed sample.
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F IGURE 7.10: Sheet resistance R and resistivity ρ as a function of the layer thickness.

carbon black [83], single-walled carbon nanotubes [76], and graphene [84]. In these
works, CTAB was not used to help the nanoparticles disperse in water, and this causes a
higher resistivity. A lower resistivity could only be achieved by using multi-walled carbon nanotubes [85], which are difficult to produce and more expensive than the carbon
black used in our study. Additionally, the authors [85] used an industry-grade printer,
which had the ability to print more precisely than the low-cost commercial printer used
in the present work.
Although the resistivity of the proposed carbon-nanoparticle-based conductive ink is
higher than that of metal-based inks, it is lower than that of other carbon-based conductive inks using comparable printing technologies. By printing layers with the desired
thickness, sheet resistance values below 1 kΩ/sq are easily obtained. Moreover, the
proposed carbon-nanoparticle-based conductive ink is an attractive alternative to metalbased inks because of the improved flexibility and reduced environmental impact.

7.2.5.2

Capacitors

We fabricated several capacitive structures on the cellulose substrate by printing a conductive layer, a dielectric layer, and a conductive layer on top of each other. The thickness of the dielectric layers was between 0.69 µm and 14.7 µm. Fig. 7.11(a) shows the
top view of the three layers of a capacitive structure along with the dimensions of each
shape. The overlapping area of the conductive top and bottom plates of the capacitor
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TABLE 7.3: Resistivity Comparison With Previous Results

Material

Resistivity (Ω · m)

Proposed conductive nanocarbon ink

1.39 · 10−2

Carbon (amorphous)

from 5 · 10−4 to 0.8

Carbon (graphite)

from 3 · 10−5 to 0.5

Carbon (diamond)

1013

Loffredo et al. 2009 [83]

0.11

Anderson et al. 2010 [76]

0.33

Akbari et al. 2014 [84]

4.4 · 10−2

Bahoumina et al. 2015 [85]

1.7 · 10−3

was 100 mm2 , and terminals with a size of 4.5 mm × 1.5 mm were added for testing.
The middle insulating layer was a square with a side of 12 mm and was designed to
isolate the top and bottom plates. Fig. 7.11(b) presents a sketch of the cross-section of
the three-layer capacitor and a view of a sample image under SEM, which shows the
multi-layer structure of the proposed printed capacitor. The cellulose forms a uniform
insulating layer between the top and bottom carbon nanoparticle conductive layers. By
setting the number of passes with the cellulose ink, the thickness of the dielectric layer
was controlled to obtain different values of capacitance per unit area. Fig. 7.11(c) shows
a photograph of a printed capacitor sample. The capacitor fits well on the cellulose substrate, and the dielectric layer insulates the two conductive plates. Fig. 7.11(d) shows a
photo of the bent printed capacitor. Good flexibility was maintained with the multi-layer
structure (i.e., conductors and insulators) printed on the cellulose substrate.
Fig. 7.12 shows the capacitance per unit area and the shunt resistance R between the two
conductive plates as a function of the dielectric thickness. The traditional I-V method
was applied to measure the capacitance. When the dielectric layer was very thin, the
capacitance was high. When the dielectric thickness was 0.69 µm, the capacitance
was 28 nF for the 100 mm2 capacitor. When the thickness increased, the capacitance
decreased. The capacitance was 0.18 nF when the thickness increased to 14.7 µm
after increasing the numbers of prints of the insulating layer. Although the capacitance
continued to decrease as the dielectric thickness increased, the shunt resistance between
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F IGURE 7.11: (a) The designed capacitor patterns for the three-layer structure with
dimensions in mm, (b) sketch of the capacitor cross section and a view of a sample
image under SEM (30-µm scale), (c) printed sample of the capacitor device, and (e)
bending the printed sample.
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F IGURE 7.12: Capacitance C per unit area and shunt resistance R between the two
conducting plates as a function of the dielectric thickness.
TABLE 7.4: Relative Permittivity Comparison With Previous Results

Material

Relative permittivity

Proposed nanocellulose ink

4.39

Cook et al. 2013 [86]

2.53

Li et al. 2012 [87]

4.2

the two capacitor plates increased as the insulating layer became thicker. With a thicker
insulating layer, the two capacitor plates were better isolated. When the dielectric layer
was thin, the leakage between the capacitor plates was large, and the shunt resistance
was 370 kΩ for a dielectric thickness of 0.69 µm. The leakage became smaller as
the dielectric thickness increased. The value of the shunt resistance increased to 21.9
MΩ when the dielectric thickness reached 14.7 µm. In printed electronics with low
levels of voltage and power, these values of shunt resistance provide adequate insulation.
The relative permittivity of the dielectric εr = C d/ε0 is calculated by multiplying the
capacitance per unit area C by the thickness of the dielectric layer d and then dividing
by the vacuum permittivity ε0 . The average value of the relative permittivity of the
nanocellulose used in this work is 4.39. The printed capacitors can be used in energy
harvesting and storage devices where low frequency and power are involved.
Table 7.4 compares the relative permittivity of the proposed nanocellulose ink with

Chapter 7. Transducer Implementation and Test Results

95

dielectric materials reported in the literature. In previous studies, a limited number
of printed green-material-based capacitors have been reported. Most of the printed
capacitors were produced using nanosilver ink and polymer dielectric materials. One
study [87] used nanosilver and SU-8 photoresist material to print a capacitor with a
measured relative permittivity of 4.2. Although the value of the relative permittivity
is close to that in the present study, printing nanocellulose ink is simpler and does not
require a complicated re-curing. In another study [86], a capacitor was printed with
PVP material and achieved a lower relative permittivity of 2.53. With a better relative
permittivity, nanocellulose is also a biodegradable material, which is less harmful to the
environment.

7.2.5.3

Capacitive Touch Sensor

The proposed materials and printing method can be used for different applications. To
demonstrate a possible application, we implemented and tested an analog capacitive 1D
touch sensor. Fig. 7.13(a) presents the cross-sectional view of the touch sensor pattern,
and Fig. 7.13(b) shows the top view and dimensions of the layers. The sensor was
produced with two layers on top of the substrate. A pair of non-overlapping triangular
patterns was printed on the cellulose substrate using the carbon-nanoparticle conductive
ink. Then, a nanocellulose insulating layer was printed to cover and protect the two
triangular conductive plates. The two conductors had a very small intrinsic mutual
capacitance. However, when a fingertip (with an average diameter of approximately
13 mm [88]) was placed on the top of the insulating layer, two overlapping capacitors
were created between the fingertip and the conductive triangular plates. In turn, these
two overlapping capacitors, connected in series by the finger, significantly increased the
capacitance between the two conductors. The capacitance between the two conductors
changed depending on the placement of the finger such that the value of the capacitance
could represent the position of the finger along the sensor and provide the location of
the touch.
Fig. 7.13(c) presents a photograph of the top view of the touch sensor and the contact
connections. The sensor fits well on the cellulose substrate and can easily be connected
to the test equipment through the contacts. Fig. 7.13(d) shows a photograph of a bent
printed sensor, which functioned well after bending.
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F IGURE 7.13: (a) Sketch of the capacitor cross-section, (b) the designed touch sensor
pattern and dimensions of each layer in mm, (c) printed sample of the sensor, and (d)
bending the printed sample.
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F IGURE 7.14: Measured capacitance of the touch sensor and simulated overlapping
area as a function of the position of the finger.

The capacitance of the sensor was measured by placing the centre of a finger (e.g., a
circular aluminium plate) onto the sensor. A simulation was also performed by calculating the overlapping area of the fingertip and the conductors, assuming that the fingertip
was circular with a width of 13-mm diameter. Fig. 7.14 shows the measured capacitance of the touch sensor and simulated overlapping area as a function of the position
of the finger. When the finger moved to the far left (i.e., −5 mm), there was only a small
overlap between the finger and the two triangular conductive plates. The sensor capacitance then reached approximately 0.09 nF. When the finger moved to the right, the
overlapping area increased, which led to an increase in the sensor’s capacitance. When
the centre of the finger moved to the 40 mm place, as shown in the figure, the sensor
capacitance reached a maximum value of 7.34 nF, where the largest overlap between
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the finger and the two conductive plates was theoretically achieved. As the finger continued moving to the right, the overlapping area became smaller, and the capacitance
decreased. The capacitance measured the value changes in the same way because the
overlapping area of the capacitance was proportional to the overlapping area.
In overall, in this chapter, simple and cost-effective bionanomaterials and a printing
technique for fabricating variable capacitors in energy harvesters were presented. This
printing technique can also be used in the fabrication process of other organic electronics (e.g. connections between devices and capacitive sensors as demonstrated). The
proposed approach used an inexpensive commercial printer to deposit carbon nanoparticles and nanocellulose inks onto a flexible nanocellulose substrate. The properties
of the conductive and insulating inks were tested, and a capacitive touch sensor was
demonstrated to have proper functionality. The results show that the proposed green
nanomaterials and printing technique are competitive with existing solutions and materials. The use of renewably sourced materials that are biodegradable and a low-cost
additive fabrication process that produces minimum material waste and that is scalable
to large areas have the potential to support the sustainable growth of IoT and WSNs
applications.

Chapter 8
Harvester Implementation and
Measurement Results
8.1

Harvester based on layered capacitors

An FR4-dielectric test-board was made to demonstrate the conventional and proposed
energy harvesters. The front and rear views of the fabricated test-board are shown in
Input
Test Point
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Energy Harvester

D2

D3

Variable
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F IGURE 8.1: The front and rear views of the fabricated PCB board.
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F IGURE 8.2: Test bench for measuring the energy harvesters.

Fig. 8.1. From the figure, the conventional energy harvester is situated on the upper part
of the board with a mechanically-variable capacitor and two Schottky diodes. On the
lower part of the board is the regenerative energy harvester with a mechanically-variable
capacitor, three Schottky diodes, and a constant capacitor. The two harvesters are implemented on the same board so that both circuits are tested under a similar vibration
condition. The Schottky diodes used on the board have an average nominal forward
voltage around 0.58 V. The two transducers were fabricated with a three-layer parallelplate structure. The top and bottom plates were made with carbon-coated nanocellulose
film conductive layers with the same dimension of 20 × 20 × 0.05 = 20 mm3 . The
pure-nanocellulose dielectric layers (i.e. middle layers) in the harvesters have the same
dimension of 30 × 25 × 0.01 = 7.5 mm3 .
The test bench as shown in Fig. 8.2 was set up for measuring the two harvesters under
the same conditions. The mechanical force that makes the two energy harvesters vibrate
is generated by a shaker (Labworks LW132.203) which is driven by a function generator through a linear power amplifier (Labworks PA-151). Different shape, amplitude,
and frequency of the vibration waveform were produced by controlling the function
generator as well as the amplifier. An accelerometer (PCB 352C65) is used to measure
and monitor the acceleration of the vibration. The startup voltage of the conventional
harvester is provided by a precision sourcemeter (Keithley 2602) to precharge the variable capacitor. The sourcemeter is also programmed to test the input power and output
power of the conventional harvester, and the output power of the regenerative harvester
with different output conditions. Both low voltage conditions (i.e. for output voltages
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F IGURE 8.3: Conventional harvester input current II and output current IO versus VO
with different vibration frequency.

from 2 to 4 V) and high voltage conditions (i.e. for output voltages from 12 to 20 V)
are tested. From Fig. 7.2 (c), although the capacitor can operate well (i.e. ρ > 2) under
various f and accelerations, vibration frequencies of 30 Hz and 50 Hz and accelerations
of 90 m/s2 and 100 m/s2 are chosen to examine the harvester functionality under an environment that emulates industrial machines or automotive vehicles in which a wireless
sensor may operate. Ultimately, when the shaker is controlled to produce a sinusoidal
vibration with a maximum acceleration of 90 m/s2 and frequency of 30 Hz, the average
capacitance change ratio ρ is 3.9 with a minimum capacitance of 77.3 pF and a maximum capacitance 301.6 pF. When increasing the acceleration to 100 m/s2 , the average
ρ is improved to 4.2.

8.1.1

Conventional harvester measurement results

Under a same capacitance change ratio ρ = 3.9, the calculated and measured results
of the input current, output current, input power, and output power of the conventional
harvester with different vibration frequencies (i.e. 30 Hz and 50 Hz) are shown in Fig.
8.3 and Fig. 8.4 as a function of the output voltage VO . Theoretically, the input and
output currents in the conventional harvester should be the same as in (4.2). However,
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F IGURE 8.4: Conventional harvester input power PI and output power PO versus VO
with different vibration frequency.

due to the parasitic capacitances and resistances of the circuit, the measured output currents are lower than the measured input currents under same output voltages as shown
in the two figures. Under certain frequency and acceleration, when the output voltage
increases, the output current decreases, while the output power first increases to achieve
its maximum and then decreases. When increasing the vibration frequency to 50 Hz, all
the current and power components (i.e. II , IO , PI , and PO ) increase under same output
voltages. When VO is 2.4 V, the output current reaches about 5.44 nA at 30 Hz and
9.34 nA at 50 Hz, and the conventional harvester delivers its highest power to the load
(i.e. 13.1 nW at 30 Hz and 22.4 nW at 50 Hz). At the same time, the energy harvester
consumes 11.3 nW and 19.2 nW from the startup battery and the net power gains are
1.8 nW and 3.2 nW. When further increasing the output voltage, the power at the output
decreases. The output power drops to 7.8 nW at 30 Hz and 12.2 nW at 50 Hz while the
voltage at the output stage reaches 4 V. The net power gain is still positive and increases
to 3.5 nW at 30 Hz and 6.15 nW at 50 Hz as the input power decreases faster than the
output power (i.e. input power is reduced to 4.3 nW at 30 Hz and 6.65 nW at 50 Hz).
Fig. 8.5 and Fig. 8.6 show the calculated and measured results of the II , IO , PI , and PO
versus the output voltage VO of the harvester when we keep the vibration frequency at
30 Hz and vary the ρ from 3.9 to 4.2. From the figure, when the capacitance change
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F IGURE 8.5: Conventional harvester input current II and output current IO versus VO
with different ρ.
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F IGURE 8.6: Conventional harvester input power PI and output power PO versus VO
with different ρ.
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F IGURE 8.7: Regenerative harvester output current IO versus VO with different vibration frequency.

ratio increases, all the current and power components (i.e. II , IO , PI , and PO ) increase.
For example, when VO is 2.2 V, the output current increases from 5.9 nA when ρ = 3.9
to about 7.0 nA when ρ increases to 4.2, and the harvester can deliver 15.4 nW of power
to the load. When VO is 3.0 V, the harvester delivers its highest power (i.e. 15.3 nW) to
the load when ρ = 4.2. When VO is 4.0 V and ρ = 4.2, the harvester has the highest net
power gain of 4.22 nW.

8.1.2

Regenerative harvester measurement results

In contrast to the conventional harvester, the regenerative harvester does not require an
input voltage to precharge the capacitor. Furthermore, the output current and power
of the regenerative harvester keep on increasing if the output voltage increases. With
a capacitance change ratio ρ = 3.9, the calculated and measured results of the current
and power components versus the output voltage VO are shown in Fig. 8.7 and Fig.
8.8 with vibration frequencies of 30 Hz and 50 Hz. When the output voltage is 2 V,
the output power of the regenerative harvester achieves 4.3 nW with an average output
current of 2.1 nA. When the output voltage increases, more energy is harvested and the
power at the output stage of the harvester increases. The measured data is lower than the
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F IGURE 8.8: Regenerative harvester output power PO versus VO with different vibration frequency.

calculated results due to the parasitic losses. When the output voltage increases to 4 V, at
30 Hz, the output current increases to 10.8 nA. At this time, the output power increases
to 43.2 nW. Under this condition, the output power of the regenerative harvester is
higher than that of the conventional one (i.e. 7.8 nW). When increasing the vibration
frequency to 50 Hz, both the current and power increase. When the output voltage is 4
V, the output current under a 50 Hz vibration grows to 18.2 nA, and the output power
rises to 72.7 nW.
On the other side, increasing the capacitance change ratio also increases the output
current and output power. The calculated and measured results of IO and PO of the
proposed regenerative harvester as a function of VO of different ρ are shown in Fig. 8.9
and Fig. 8.10. When VO is 2 V, the output current increases from 2.1 nA when ρ = 3.9
to 3.0 nA when ρ increases to 4.2, and the output power increases from 4.3 nW to 6.0
nW. When the output voltage is 4 V, increasing ρ from 3.9 to 4.2 improves the output
current from 10.8 nA to 13.2 nA, and the output power rises from 43.2 nW to 52.9 nW.
Besides the wide ranges of the operation frequency and acceleration of the variable capacitor that have been assessed in the previous part (i.e. Fig. 7.2 (c)), another advantage
of the regenerative harvester is that it works with different output voltages. Beyond the
output voltage range of 2 to 4 V that many low-power devices work at, the regenerative
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F IGURE 8.9: Regenerative harvester output current IO versus VO with different ρ.
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F IGURE 8.10: Regenerative harvester output power PO versus VO with different ρ.
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F IGURE 8.11: Measured and calculated results of the output power PO of the regenerative energy harvester versus VO with different f under high output voltages.

harvester can achieve higher output voltages. Fig. 8.11 shows the measured and calculated results of PO of the regenerative harvester when the output voltage changes from
15 to 20 V with different f . The acceleration is controlled to be 100 m/s2 . The proposed
regenerative harvester works well and generates 1.01 µW when the output voltage is 15
V and increases to 1.86 µW when the output voltage increases to 20 V with a vibration
frequency of 30 Hz. At 50 Hz, the output power increases to a higher value (i.e. 1.71
µW) when the output voltage is 15 V and increases to 3.08 µW when the output voltage
increases to 20 V.

8.1.3

Comparisons and discussion

The measurement results of the proposed regenerative and the conventional electrostatic
energy harvesters are compared with two battery-based harvester systems from the literature [9, 10] that work with low output voltages (e.g. voltages lower than 6 V). Table
8.1 shows the comparison of measured results between these fabricated devices. In
both of the literature devices, the transducers were fabricated with a three-layer variable
capacitor structure based on steel sheets and Teflon films.

Startup battery
Frequency (Hz)
Acceleration (m/s2 )
Output voltage (V)
Minimum capacitance (pF)
Capacitance change ratio
Capacitor size (mm3 )
Maximum Output power (nW)
Energy/Cycle/C (nJ/cycle/nF)

Parameters

Torres (2010)
[9]
Required (3.79 V)
30
70
3.5 (2.7 to 4.2)
165.8
5.84
3.55×104
64.2
12.91

Kempitiya (2013)
[10]
Required (3.6 V)
98
5.47 (3.1 to 5.47)
405
2.56
307.7
8.05

This Work
(conventional)
Required (2 V)
50
100
2 (2 to 4)
77.3
4.2
83
21.2
5.49

TABLE 8.1: Comparison between different electrostatic harvesters with low output voltages

This Work
(regenerative)
Not Required
50
100
4 (2 to 4)
77.3
4.2
83
72.8
18.84
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The battery-based harvester in Torres (2010) [9] generates a maximum output power of
64.2 nW. This harvester works under lower vibration frequency and acceleration conditions comparing with the test environment of our measurements. With a higher ρ, the
battery-based harvester achieves a higher maximum power comparing with the conventional harvester we implemented. However, the conventional harvester only needs a 2
V startup battery to precharge which is lower than the battery voltage requirement of
the literature. On the other side, when comparing the battery-based harvester with the
regenerative harvester we implemented, the maximum output power of the regenerative
one is 1.13 times higher than the battery-based one though the ρ in our design is lower
than that of the literature.
Another battery-based harvester in Kempitiya (2013) [10] generates the highest maximum output power of 307.7 nW with the lowest ρ in all the four harvesters that are
shown in Table 8.1. The harvester in Kempitiya (2013) has the highest output power
due to the highest minimum capacitance and the highest operation frequency. Since the
output power of an energy harvester is proportional to its operation frequency and the
minimum capacitance, we normalise the output energy of the harvesters to the operation
cycle and the minimum capacitance. Based on the results that are shown in Table 8.1,
the regenerative harvester we implemented has the largest normalised energy of 18.84
nJ/cycle/nF and does not require a startup battery. On the other side, comparing with the
steel sheets and Teflon films based capacitors (e.g. capacitor size of 35.5 cm3 in Torres
(2010)) that are used in the two papers, the capacitor materials that are introduced in
our design are much lighter. With a much smaller capacitor size, the minimum capacitance in our device is still competitive with the ones in the literature. The proposed
regenerative harvester is suitable for WSNs that requires light-weight, compact size,
and flexibility. Furthermore, the capacitor films in our devices are very thin and light
with the conductive layer thickness around 50 µm and the insulating layer thickness
around 10 µm. These thin layers make the capacitance in our harvester can be easily
scaled by increasing the capacitor size and stacking layers with a small effect on the
entire devices in WSNs.
We also compared the regenerative harvester we implemented with a MEMS-based design in Dorzhiev (2015) [8] at higher output voltages (e.g. from 15 to 20 V). The MEMS
capacitor has the advantages of a compact size (i.e. 48 mm2 ) and can work under low
accelerations (i.e. it achieves ρ = 2.7 with a very low acceleration of 14.7 m/s2 ). These
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TABLE 8.2: Comparison between different electrostatic harvesters with high output
voltages

Parameters
Startup battery
Frequency (Hz)
Acceleration (m/s2 )
Output voltage (V)
Minimum capacitance (pF)
Capacitance change ratio
Capacitor size (mm3 )
Maximum Output power (µW)
Energy/Cycle/C (nJ/cycle/nF)

Dorzhiev (2015)
[8]
Required (5 V)
160
14.7
16.5 (5 to 23)
46
2.7
48
2.3
312.5

This Work
(regenerative)
Not Required
50
100
16 (15 to 20)
77.3
4.2
83
1.93
499.4

benefits make the MEMS-based harvester have a relatively high output power of 2.3
µW under a vibration frequency of 160 Hz with output voltage of 16.5 V. Under a
similar output voltage (i.e. 16 V), the proposed harvester we implemented has a lower
output power of 1.93 µW due to the lower vibration frequency. By normalising the
output energy to the operation cycle as well as the minimum capacitance, our proposed
harvester has an output energy of 499.4 nJ/cycle/nF which is 1.6 times higher that of
the MEMS-based harvester. On the other side, the proposed harvester is a battery-free
design, works with a range of vibration frequencies (e.g. from 30 Hz to 160 Hz) and accelerations (e.g. from 30 m/s2 to 100 m/s2 ), and is fabricated with flexible, lightweight,
and cost-effective biobased materials.
An alternative definition of the electrostatic harvester effectiveness [89] which estimates
how closely the performance of a particular design approaches its benchmark performance can be described by
EH =

Useful Power Output
,
Maximum Possible Output

(8.1)

while the output power is proportional to the physical properties and dimension of the
transducer, vibration environment, and the deformation of the transducer.
Based on (8.1), a volume based figure of merit, FoMV , that focuses on comparing the
performance of different electrostatic harvesters based on the size of the transducer is
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TABLE 8.3: Comparison of FoMV of different electrostatic harvesters

Harvesters
Torres (2010) [9]
Kempitiya (2013) [10]
Dorzhiev (2015)[8]
This work (conventional)
This work (regenerative low VO )
This work (regenerative high VO )

Transducer type
layered capacitor
layered capacitor
MEMS capacitor
layered capacitor
layered capacitor
layered capacitor

FoMV (%)
3.45 × 10−7
3.03 × 10−7
7.39 × 10−2
1.54 × 10−4
5.30 × 10−4
1.41 × 10−2

introduced by Mitcheson et al. [38]. This gives a measurement of how closely an electrostatic harvester approaches its ideal performance without distinguishing the geometry
or material density of the transducer and its related proof mass.

FoMV =

Useful Power Output
1
8 π ac

4

,

(8.2)

f ρAu Vol 3

while ac is the acceleration of the energy source, ρAu is the density of gold, and Vol is
the volume of the transducer.
Table 8.3 shows how the values of the FoMV of the proposed harvester compares with
the conventional harvester we implemented as well as the ones from the literature.
Based on (8.2), for harvesters that are based on small volume transducers, it is relatively
hard to achieve a high FoMV due to the limitations from low amplitude oscillations and
low vibration frequencies. Tough the regenerative harvester in this work has a higher
normalized output energy when compares with the MEMS-based harvester in [8], the
MEMS technology offers a more compact design of the variable capacitor, and the harvester achieves the highest FoMV of 7.39 × 10−2 %. Compare with the other layered
capacitor based harvester, the proposed regenerative one achieves the highest FoMV of
1.41 × 10−2 % when working under high VO .
Overall, the proposed regenerative harvester is suitable to become a secondary source
for low-power devices in WSNs that will be deployed in a relatively inaccessible environment that has variable vibration frequencies and accelerations. Though the regenerative harvester we implemented needs a stronger acceleration to operate (i.e. compare
with the MEMS-based harvester), this is not a problem to the devices in WSNs that
are placed surround vibration-rich environments. For example, the harvester can be
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applied to a wireless sensor that is located close to the diesel engine bay of a vehicle,
producing vibrations with a maximum acceleration around 100 m/s2 and a maximum
frequency around 7.5 kHz [90, 91]. Availability of operating under different frequencies
and accelerations (e.g. when the vehicle is accelerating or breaking) makes the proposed
regenerative harvester more suitable in these cases. Besides, the energy that is harvested
by the proposed harvester can be scaled up easily by increasing the size of the capacitor
plates and applying multiple layer structures without affecting the total size and weight
of the devices in WSNs.

8.2

Harvester Based on Inkjet Printed Capacitors

The layered capacitors have a more straightforward fabrication process when compare
with the inkjet printed ones. Each layer of the layered capacitor simply stacks on top
of each other without any adherence. The air gap between the capacitor layers significantly decreases the capacitance by increasing the dielectric thickness. The air between
the conductor and insulator of the capacitor makes the mechanical movement of the capacitor plates very unpredictable. By printing the layers using the inkjet technology, the
variable capacitor can be fabricated more precisely with higher capacitance in a more
compact design. By printing multilayered capacitors, the capacitance can be future increased with very small volume influence of the device as presented in Chapter 7. On
the other side, the printed capacitor has all the layers stick on each other which leads to
a simple mechanical model (i.e. the mechanical model that was discussed in Chapter 6)
with better movement prediction under different vibrations.

8.2.1

Insulating layer optimization

In the previous chapter, the capacitor implementation is discussed. The suitable materials are chosen, and the fabrication process is optimized. In section 7.2.5, material
properties of the capacitor layers (i.e. insulating and conducting layers) are demonstrated, and the performance of the capacitor is presented. A touch sensor is also shown
to prove the correct functionality of the material.
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F IGURE 8.12: Meshed insulating layer pattern design with increased the elasticity.

For the capacitors that are targeted to be used in the energy harvesters, the insulating
material has to be very elastic so that mechanical energy can be sufficiently transferred
to electrical energy by the displacement of the insulating layer thickness. Though the
layered capacitor in the previous section has a good capacitance change ratio (i.e. ρ) as
discussed in Fig. 7.2 (c), its movement is very unpredictable, and it is not suitable for
applications that are size sensitive (e.g. need to minimize the device size). On the other
side, the inkjet printed variable capacitors are thinner and have higher capacitance when
compare to the layered capacitor. However, the compact design limits the movement of
the layer and force all the capacitance changes to come from the insulating layer deflection (while in the layered capacitor, the capacitance change partially comes from the
conductor movement against the air gap). By simply printing a rectangular insulating
layer, the capacitance change ratio is either small under the own weight of the variable
capacitor or requires very heavy mobile mass to apply enough force to the layers. These
are not suitable for the design of energy harvesters for WSNs. To overcome this issue,
meshed insulating layer pattern is designed and printed to increase the elasticity of the
insulating layer as shown in Fig. 8.12. By printing the vertical and horizontal insulating patterns on the conductor, a corrugated structure of the insulator can be generated
to achieve a better mechanical property. Though the capacitance is slightly decreased
as the corrugated structure brings a thickness increase, the spaces between the vertical
and horizontal insulating patterns under multiple prints make the insulating layer more
elastic than the traditional square design.
Fig. 8.13 shows the printed meshed insulating layer capacitor. In Fig. 8.13 (a), only a
vertical pattern of the insulating layer is printed, while Fig. 8.13 (b) shows the capacitor
with both vertical and horizontal insulating patterns printed. The vertical and horizontal patterns are printed successively for multiple times to achieve a better mechanical
performance.
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(b)

F IGURE 8.13: Meshed insulating layer capacitor: (a) insulating layer with only vertical pattern printed; (b) capacitor with both vertical and horizontal insulating patterns
printed.
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F IGURE 8.14: Measured capacitance change ratio ρ under different vibration f of
different insulating layer designs.
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F IGURE 8.15: Multi-layer printed capacitor structure.

Fig. 8.14 shows the measured capacitance change ratio ρ under multiple frequencies
(i.e. from 30 Hz to 160 Hz) of capacitors with regular insulating layer and with meshed
design insulating layer. The two capacitors have the same size and are tested under an
acceleration of 70 m/s2 . From the figure, increasing the frequency firstly increases the
ρ until it achieves its maximum value. Further increasing f decreases the value of ρ
for both capacitors. Under the same vibration frequency, the capacitor with meshed
insulating layer has a better ρ.

8.2.2

Multi-layer Printed Capacitor Measurements

Based on (4.23), the output power received by the load of the regenerative energy harvester is proportional to the capacitance of the transducer. In order to achieve a higher
output power, the capacitance of the transducer needs to be as high as possible. Based
on the definition of the capacitance (i.e. C = ε0 εr A/d), beyond the insulating material
dielectric constant, increasing the capacitor plates overlapping area A or decreasing the
dielectric thickness d can achieve a higher capacitance. However, both these methods
have some drawbacks. In applications of IoT and WSNs, the size of a sensor should
be very compact, increase the capacitance area will significantly affect the design arrangement. Decreasing the dielectric thickness will increase the leakage between the
capacitor plates which will cause the drop of the output power. In order to minimize the
effect on the area and leakage, stacking the capacitors on top of each other, in another
word, print multi-layer capacitors is a better way to achieve a higher capacitance.
Fig. 8.15 shows a sample structure of a multi-layer printed capacitor. On the substrate,
the conductors (i.e. carbon black) are printed layer by layer with the separation of the
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F IGURE 8.16: Measured capacitance change ratio ρ of a single printed capacitor and
a multi-layer printed capacitor (6 layers).

insulating layers (i.e. cellulose). The odd layers of the conductors are connected naturally with the extended contacts (e.g. since they are printed on top of each other without
the separation of an insulator) as one electrode of the capacitor while the even layers
are connected as the other electrode. With one extra layer of carbon black as well as
one insulating cellulose layer as shown in Fig. 8.15, the capacitance of the multilayer
capacitor is doubled. On the other side, since each layer of the conductor and insulator
is very thin (i.e. the conducting and dielectric layer can be controlled in tens of micrometer range), the size of the variable capacitor does not change much when applying the
multi-layer structure.
Fig. 8.16 shows the measured capacitance change ratio ρ under multiple frequencies
(i.e. from 30 Hz to 160 Hz) of capacitors a single printed capacitor and a multi-layer
printed capacitor (6 layers). The two capacitors have the same size and are tested under
an acceleration of 70 m/s2 . From the figure, increasing the frequency firstly increases
the ρ until it achieves its maximum value. Further increasing f decreases the value of
ρ for both capacitors. Under the same vibration frequency, the capacitor with multilayer printed has a better ρ (though the based capacitance is also higher). This is due
to the multi-layer printed increase the mass that applied on the bottom insulating layers
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and under a same acceleration, the higher mass generates greater displacement to the
insulating layer and achieves a better ρ. Based on this idea, when printing the variable
capacitors, the top insulating layer can be printed more times than the other insulating
layer intensionally to achieve a thicker layer so that a heavier mobile mass can apply on
the variable capacitor and help the capacitor to obtain better ρ during vibrations.

8.2.3

Mechanical property tests for the insulating layer

In order to combine the mechanical system and the electrical system of the energy
harvester, the mechanical property of the insulating layer is the key factor. As presented
in Chapter 6, the coupled model of the energy harvester requires a clear understanding
of the physical dimension and mechanical property of the transducer.
The mechanical property is measured using a Thermomechanical Analyzer (TMA, Q400,
TA Instruments, USA). The TMA is capable of measuring dimensional changes of a
sample under conditions of controlled temperature, time, force, and atmosphere. By
using a macro-expansion probe and controlling the temperature to be room temperature
(i.e. 23°C), we applied a ramped force to the printed samples and measured the sample
thickness changes. As shown in Fig. 8.17, with a printed cellulose layer of 175 µm, the
applied ramped force F was controlled in a speed of 0.1 N/min and changes from 0.1 N
to 1 N and vice versa. The blue line in Fig. 8.17 shows the dielectric layer dimensional
change (i.e. displacement) d as a function of time. When F is around its maximum value
of 1 N, the displacement d achieves its highest value around 100 µm, while the force
decreases to around 0.1 N, the film is relaxed and d (e.g. the absolute value) decreases
to a value around 0.
Fig. 8.18 shows the displacement of the dielectric layer d as a function of the applied
force F. It is clear that when F increases, the absolute value of displacement d increases (e.g. the capacitor plates are closer and the capacitance is higher.). It can also
be told from the figure that the displacement d under a same F varies when the film is
compressed and released. When applying the force on the film (e.g. from 0.1 N to 1
N), the film is compressed, however, when the force is released (e.g. from 1 N to 0.1
N), though the film is relaxed, its thickness cannot go back to its original state. In the
TMA results, when the force is released, the absolute value of d is higher (e.g. the film
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F IGURE 8.17: Displacement of the dielectric layer d and the applied force F as a
function of time t.
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F IGURE 8.19: Calculated spring constant k as a function of the displacement of the
dielectric layer d.

thickness is thinner) than it when the force is applied in the previous cycle. Due to this
effect, when the ramped force is applied and released in multiple cycles, it is clear that
under a certain F, the absolute value of displacement d becomes higher and higher. This
is not good for energy harvesters as the transducer may not work anymore after a long
time working cycle of compress and release.
Fig. 8.19 shows the calculated spring constant k as a function of the displacement of the
dielectric layer d of these compress and release cycles. It is clear that when the absolute
value of the displacement d is small, k is small as well. When the layer is compressed
with a higher F, in the other word, with a higher value of d, the layer becomes much
stiffer and the spring constant k increases significantly. The most interesting area of
the figure should be in the range of the displacement close to half of the dielectric
thickness (e.g. 175/2 µm) as most of the energy harvesting happens in this range when
the capacitance change ratio ρ is close to two. Fig. 8.20 shows the k as a function of the
displacement of the dielectric layer d in the range around half of the dielectric thickness
(e.g. d from -92.5 µm to -83.5 µm). It can be told from the figure that during the
multiple compress and release cycles, the spring constant is not the same. However, the
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F IGURE 8.20: Calculated spring constant k as a function of the displacement of the
dielectric layer d in the range around half of the dielectric thickness.

average k is calculated with a value of 705.9 N/m. Then this result is used in the coupled
model that presented in Chapter 6 to verify the functionality of the energy harvester.

8.2.4

Harvester Measurement Results and Discussion

A six-layer variable capacitor was printed with three conductive layers and three insulating layers as shown in Fig. 8.15 (e.g. two capacitors stack on top of each other). The
test variable capacitor is printed following the design pattern that was shown in Fig.
7.11. The conductive layer was printed with carbon nanoparticle ink and has a dimension of 20 mm × 20 mm. The dielectric layers were printed with nanocellulose ink with
a size of 25 mm × 25 mm.
The test bench as shown in Fig. 8.21 was set up for measuring the regenerative harvester
with a printed variable capacitor. Similar to the test bench that was set up in testing
the harvester with the film based capacitor, the mechanical force that makes the two
energy harvesters vibrate is generated by a shaker (Labworks LW132.203) which is
driven by a function generator through a linear power amplifier (Labworks PA-151).
Different shape, amplitude, and frequency of the vibration waveform were produced
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F IGURE 8.21: Test bench for measuring the energy harvester with printed variable
capacitor.

by controlling the function generator as well as the amplifier. An accelerometer (PCB
352C65) is used to measure and monitor the acceleration of the vibration. A precision
sourcemeter (Keithley 2602) is programmed to test the output voltage and power of
the regenerative harvester under different conditions. The Schottky diodes used on the
board have an average nominal forward voltage around 0.58 V. In order to compare with
the harvester based on film capacitor, voltage conditions (i.e. for output voltages from
2 to 4 V) are tested. From Fig. 8.14, although the capacitor can operate well (i.e. ρ >
2) under various f and accelerations, vibration frequencies of 100 Hz and 120 Hz and
accelerations from 65 m/s2 to 100 m/s2 are chosen to examine the harvester functionality
under an environment that emulates industrial machines or automotive vehicles in which
a wireless sensor may operate. Ultimately, when the shaker is controlled to produce a
sinusoidal vibration with a maximum acceleration of 70 m/s2 and frequency of 100 Hz,
the average capacitance change ratio ρ is 4.10 with a minimum capacitance of 169.2 pF
and a maximum capacitance 693.7 pF. When increasing the acceleration to 80 m/s2 , the
average ρ is improved to 4.79.
As analyzed in Chapter 6, the output voltage of the regenerative harvester is regulated
by the mechanical property of the transducer and can be estimated by (6.16). In an
ideal case when the forward voltage Vt of the switch elements (e.g. diodes) is neglected,
(6.16) can be simplified to 6.18, which we can recapitulate to

vo ss ∝

mY0 k
,
bm z0

(8.3)
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TABLE 8.4: Physical parameters of the variable capacitor

Parameters

Value

ε0

8.854×10−12

εr

4.39

A

20 × 20 mm2

z0

175 µm

m

0.5 g

k

705.9 N/m

bm

10 N/(m/s)

where m is the mobile mass on the plate (e.g. the weight from the top insulating layer),
Y0 is amplitude of the external vibration, k and bm is the spring constant and damping
coefficient of the insulating layer, and z0 is the initial thickness of the dielectric layer.
Based on (6.16), if the mechanical property of a transducer is known, the designer can
calculate and estimate the maximum output voltage that the harvester can achieve with
an open load. However, a more accurate result can also be achieved by simulating the
harvester in the MATLAB Simulink environment with a coupled model of the transducer as well as an integrating of the harvester circuity and related parasitics (i.e. the
shunt resistance between the capacitor plates).
By using the multilayered printed capacitor, the maximum output voltage of the harvester is measured and compared with the theoretical results. The physical parameters
of the variable capacitor are listed in Table 8.4.
Fig. 8.22 shows the measured and calculated results of the maximum output voltage voss
of the regenerative energy harvester versus input acceleration when the two constant capacitors in the circuit are C1 = 1.8 nF and C2 = 10 nF. Both the calculated and measured
voss is increasing when the acceleration is increasing. However, there is a mismatch
between the theoretical result and the measurement result due to the parasitic capacitances and resistances of the circuit especially the shunt resistance between the variable
capacitor layers that creates a leakage current when the voltage on the variable capacitor
is high. The leakage between the capacitor can be observed from the figure when the
acceleration becomes higher. At this situation, the higher output voltage is achieved,
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F IGURE 8.22: Measured and calculated results of the maximum output voltage voss of
the regenerative energy harvester versus input acceleration.

due to the contribution by the shun resistance, current loss between the capacitor plates
becomes higher and make the difference of the theoretical and measured result more
significant. The parasitic capacitances and resistances also make the real implemented
circuit hard to start, as shown from Fig. 8.22, theoretical model presents that the circuit
can start to work under an external acceleration of 60 m/s2 , however, in the real implementation, the circuit cannot work under this acceleration and can only start around a
higher acceleration of 65 m/s2 . Though the theoretical model is not accurate, the trend
of the voltage growing is similar to what happened in the measurement. The theoretical
model can help the designer to determine the output range of the harvester and help
the designer to choose a right physical dimension and suitable material for building the
transducer.
The output current and output power of the harvester based on the printed variable
capacitor is then measured. As discussed before, the regenerative harvester does not
require an input voltage to precharge the capacitor. Furthermore, the output current and
power of the regenerative harvester keep on increasing if the output voltage increases.
With a capacitance change ratio ρ = 4.10 (i.e. with external vibration of 70 m/s2 ), the
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F IGURE 8.23: Measured simulated and calculated results of the output current IO of
the regenerative energy harvester versus VO with acceleration of 70 m/s2 .
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F IGURE 8.24: Measured simulated and calculated results of the output power PO of
the regenerative energy harvester versus VO with acceleration of 70 m/s2 .
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F IGURE 8.25: Measured simulated and calculated results of the output current IO of
the regenerative energy harvester versus VO with acceleration of 80 m/s2 ..

theoretical, simulation and measured results of the current and power components versus the output voltage VO are shown in Fig. 8.23 and Fig. 8.24. In the simulation, a shunt
resistance of 200 MΩ is added in parallel with the coupled model of the variable capacitor (i.e. consider both the mechanical model and electrical model). When the output
voltage is 2 V, the output power of the regenerative harvester achieves 21.2 nW with an
average output current of 10.6 nA. When the output voltage increases, more energy is
harvested and the power at the output stage of the harvester increases. When the output
voltage increases to 4 V, the output current increases to 29.0 nA. At this time, the output power increases to 116 nW. The shunt resistance creates a huge difference between
the theoretical single electrical model and the coupled model. Without counting the
transducer force and the current leakage between the capacitor plates, IO and PO of the
theoretical model all increase rapidly (i.e. IO increases lineny and PO increases exponentially). However, in reality, the transducer force and the current leakage will cause
the capacitor hard to vibrate and loss current during vibration. The simulation and measurement results follow each other well, and the measurement result is slightly lower
due to the other parasitics in the circuit implementation besides the shunt resistance and
transducer force.
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F IGURE 8.26: Measured simulated and calculated results of the output power PO of
the regenerative energy harvester versus VO with acceleration of 80 m/s2 ..

On the other side, increasing the capacitance change ratio also increases the output
current and output power. With a capacitance change ratio ρ = 4.79 (i.e. with external
vibration of 80 m/s2 ), the theoretical, simulation and measured results of the current and
power components versus the output voltage VO are shown in Fig. 8.25 and Fig. 8.26.
When VO is 2 V, the output current increases to 28.5 nA , and the output power increases
to 57.0 nW. When the output voltage is 4 V, increasing ρ improves the output current
53.8 nA, and the output power rises to 215.2 nW.
Based on Table 8.5, the regenerative harvester we implemented with printed variable
capacitor has a better output power (i.e. 2.96 times higher) thanks to a higher minimum
capacitance. The advantage of the printed capacitor is that the capacitance can be easily
scaled up by print multiple conductive and insulating layers and create various capacitors stack on each other. Printing also makes all these layers adhesive to each other
and form a structure that can be described by a simple mechanical model, while the layered film capacitor has all the layers stacked loosely together with no adhesion. When
the layers vibrate, the vibration between the layers is very random and hard to predict.
The printing technology can help the capacitance increase rapidly without a significant

Chapter 8. Harvester Implementation and Measurement Results

127

TABLE 8.5: Comparison of the regenerative harvester with layered film capacitor and
proposed printed capacitor

Parameters
Startup battery
Frequency (Hz)
Acceleration (m/s2 )
Output voltage (V)
Minimum capacitance (pF)
Capacitance change ratio
Capacitor size (mm3 )
Maximum Output power (nW)
Energy/Cycle/C (nJ/cycle/nF)
FoMV (%)

Layered film capacitor
Not Required
50
100
4 (2 to 4)
77.3
4.2
83
72.8
18.84
5.30 × 10− 4

Printed capacitor
Not Required
100
80
4 (2 to 4)
169.2
4.79
365.6
215.2
21.61
1.88 × 10− 3

influence to the capacitor size as printing an extra capacitor on top of an existing capacitor only increases the height of the capacitor by around 200 µm. On the other side, the
normalized power of the printed capacitor based harvester is also higher than the film
capacitor one. Though compared with MEMS structure [8], the FoMV of the printed capacitor based harvester is still lower, the FoMV is higher than the regenerative harvester
we implemented with layered film capacitor that operates under high output voltage and
with higher output power.
In overall, the coupled model of the variable capacitor makes output performance of the
harvester closer to the implementation. The shunt resistance and the dielectric force of
the variable capacitor is the key power loss during the harvester operation and need to be
well sorted during the design of the harvester. Compare with the film based capacitor,
the capacitance of the printed variable capacitor can be easily scaled up using multilayered structure, and the harvester can deliver higher output power with a minimized
influence to the harvester size. On the other hand, the printed capacitor has a simpler
mechanical model that can help the designer to choose suitable material and dimension
of the transducer while the film capacitor vibration is harder to be predicted.

Chapter 9
Conclusion
9.1

Summary

In this study, a regenerative energy harvester is introduced and analyzed. The proposed regenerative electrostatic harvester is a self-starting system that can initiate from
electrical noise which can be traced to the flicker and thermal noise of the electronic
devices, the charge feedthrough of the switching elements and the dielectric absorption
behaviour of the capacitors. It operates in a regenerative mode and does not need a
startup battery. In this work, different harvester topologies are designed to achieve different purposes. Harvesters based on a single mechanically-variable capacitor have the
simplest structure while multistage harvesters have a better output power. The new class
of harvesters based on multiple capacitors is introduced to give the reader a guideline
of designing regenerative harvesters to achieve the highest output power with the lowest vibration requirements. The switch element is implemented using the active diode
structure with low forward voltages to further reduce the power losses. The variable
capacitor, which is a transducer that converts mechanical energy into electrical energy,
is developed using mechanically-variable capacitors fabricated with renewable materials (i.e. nanocellulose and carbon nanoparticles) with both film casting methods as well
as inkjet printing techniques. The flexible nanocellulose films and the cost-effective
fabrication process make the energy harvesters suitable for supplying low-power and
wearable devices. The bio-based materials further reduce the environmental impact of
the devices. The material for fabricating the transducer is studied, and the fabrication
128
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process is optimized. The mechanical and electrical properties of the material are examined and analyzed. A coupled model that combines the transducer mechanical and
electrical properties with the harvester circuity is developed and verified. Prototypes
of the energy harvesters with layered film capacitors and inkjet printed capacitors were
built, and their performances were compared on the basis of simulation and measurement results. Both simulation and experimental results are shown to demonstrate the
start-up and scalable energy availability of the proposed regenerative electrostatic energy harvester for driving low-power devices, such as WSNs. Using the regenerative
harvesters can overcome the battery replacement issue in the WSNs and help to build
sustainable IoT systems.
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