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ABSTRACT

A NON-RESONANT KINETIC ENERGY
HARVESTER FOR BIO-IMPLANTABLE
APPLICATIONS

Hacene CHIKH BAELHADJ
M.S. in Electrical and Computer Engineering
Advisor: Asst. Prof. Dr. Mustafa Ilker BEYAZ
September 2018

Bio-implantable devices are attracting much attention, as they provide effective
solutions for monitoring and treatment of diverse health problems. Examples
for already-developed devices include pressure sensors, pacemakers, muscle
stimulators, and glucose sensors that can control and monitor diseases ranging
from heart-related disorders to diabetes. Batteries that are currently used in
bio-implants have limited energy storage capacities, requiring frequent battery
replacements and thus limiting the functionality of such medical devices. In
this respect, energy harvesting from human body movements offers a promis-
ing alternative as on-board power for implantable medical devices. The aim of
this project is to develop an implantable power generator capable of converting
the kinetic energy existing in body movements into electricity at any part of
the body.

The generator is designed to be bio-compatible with a volume less than 1
cm?® for implantability. Energy is generated from daily activities such as walk-
ing, running, and twisting through the utilization of electromagnetic induction
principles. An important aspect of the design is the non-resonant device na-
ture. Accordingly, it is possible to generate energy from a variety of body
activities at different frequencies. Simulations were performed on COMSOL
software for design optimization. The device was manufactured using a com-
bination of micro-fabrication and CNC technologies. Initial testing on a linear
shaker platform resulted in an open circuit voltage and output power of 6.25
mV and 0.33 pW, respectively. The device was integrated on a wristband to
test real-life performance. The voltage and power during normal walking were
measured to be 4.4 mV and 0.14 pW. These values increased to 6.85 mV
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and 0.2 pW when running. Several improvements in the design and testing
scheme were proposed to take these values at even higher levels. The findings
and results reported here are important steps forward to develop electronic self-
sufficient bio-implants that do not need battery replacements and can generate

their own energy autonomously in the body.

Keywords: Micro-generator, non-resonant generator, in-vivo energy genera-

tion, energy harvesting, power MEMS.



OZET

BIYOIMPLANT UYGULAMALARI ICIN REZONANT

OLMAYAN VE ENERJI HASADI YAPABILIEN
MIKROJENERATOR

Hacene CHIKH BAELHADJ
Elektrik ve Bilgisayar Miithendisligi, Yiiksek Lisans
Tez Damigmant: Yrd. Dog. Dr. Mustafa Ilker BEYAZ
Eylil 2018

Giin gectikge gelistirilmekte olan elektronik biyoimplantlar birgok saglik
sorununun izlenmesi ve tedavisinde etkin ¢oziimler sunmaktadir.  Ornek
olarak basing sensorleri, kalp pilleri, kas uyaricilar1 ve glitkoz sensorleri
kalp rahatsizliklarindan diyabete kadar genig bir yelpazedeki hastaliklarin
izlenmesi ve kontrolii igin c¢are olabilecek niteliktedir. Bu aygitlan
caligtirmakta kullanilan piller, sinirli enerji depolama yetenekleri nedeniyle
siklikla degistirilmeye ihtiya¢ duymakta ve dolayisiyla bu aygitlarin kulla-
nimlarini sinirlandirmaktadirlar.  Bu acidan bakildiginda, viicut hareketle-
rinden enerji hasadi ile elektrik enerjisi iiretmek, soz konusu aygitlarin
caligtirilmas1 noktasinda alternatif bir ¢oziim sunmaktadir. Bu projenin
amacl insanlarin normal aktiviteleri sirasindaki viicut hareketlerini viicut
icerisindeki herhangi bir noktada elektrik enerjisine doniistiirebilen bir jene-
rator geligtirmektir.

Jenerator, viicut ortamima uyumlu olacak sekilde 1 cm®’ten kiiciik ve biyo-
uyumlu olarak tasarlanmigtir. Yiiriime, kogsma ve donme gibi hareketlerin
elektrik enerjisine doniigtiiriilmesi i¢in elektromanyetik indiiskiyon prensibi
kullanilmigtir. Tasarimin 6nemli bir unsuru, rezonant olmayan bir yapinin
kullanilmasidir.  Bu nedenle farkli frekanstaki bircok hareketin elektrige
doniigtiiriilmesi miimkiin olmustur. Tasarim optimizasyonu i¢in COMSOL
programinda simiilasyonlar yapilmistir. Jenerator mikrofabrikasyon ve CNC
teknolojileri ile {iretilmigtir. Hareketli bir platform kullanilarak yapilan
oncu testlerde 6.25 mV acik devre gerilimi ile 0.33 pW giice ulagilmigtir.
Ayait, gergek kogullardaki performansini 6lgmek icin bir bileklige entegre

edilmistir. Yirtime sirasinda 4.4 mV agk devre voltaji ile 0.14 pW giic
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degerleri Olgiilmiigtiir. Bu degerlerin kogma aktivitesi sirasinda 6.85 mV
ile 0.2 pW’a ciktigr gorilmiistiir. Elde edilen degerlerin artirilmasi igin
aygitin iyilegtirilebilir yonleri tartigilmigtir. Bu ¢aligmada elde edilen sonugclar,
kendi kendine yetebilen ve pil degisimine ihtiya¢ duymayan biyoimplantlarin

geligtirilmesi i¢in onayak niteligindedir.

Anahtar sozcikler: Mikro-jenerator, rezonant olmayan jenerator, viicut ici

enerji iiretimi, enerji madenciligi, power MEMS.
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Chapter 1

Introduction

1.1 Definition

Energy harvesting (EH), also referred to as energy scavenging, is defined as
the process of collecting ambient energy from surrounding energy sources such
as thermal gradients, RF radiation, solar energy, vibrations, and converting it
into electrical energy. The collected energy is usually renewable as opposed to

conventional sources including batteries, fossil and nuclear fuels.

1.2 History

The beginnings of energy harvesting date back to 1826, when Thomas Johann
Seebeck noticed that a closed loop of two dissimilar metals with junctions
at different temperatures gives an induced current, which is explained later

and defined as Seebeck effect. As for electromagnetic induction, Faraday has



established and made his first generator in 1831. In 1839, Edmond Becquerel
created the first photovoltaic cell then the concept was understood and defined
later by quantum physics in the 1900s [1]. Pierre and Jacques Curie, two
French brothers, were behind the discovery of piezoelectric phenomena in the
early 1880, and then it was named after piezein, the Greek word for squeeze or

press [2]. More details about these energy harvesting methods are in chapter

2.

1.3 Applications

Energy harvesting in the large scale is seen in wide range applications in the
clean energy industry, waterwheels to produce hydroelectricity, wind energy in
what is so-called wind farms, solar panels and geothermal power stations are
common as well. Going down to smaller scale -to mention but not few- the
regenerative braking in hybrid cars, where the lost energy in form of friction
work is collected during braking and directed to charge the car battery [3].

Energy harvesting is known also in the scale of wearables and hand held elec-
tronics. One of the first patents in wearable device applications was filled in
1989 by Hayakawa, the patent was about an electrically operated self-winding
watch that is indeed a small inertial energy harvester, and it is now a commer-
cial product of Seiko Epson corporation. This pioneering Japanese company
in self-powered watches has also proposed a thermally powered watch that col-
lects thermal energy from the arm surface to fill up the watch battery, and a
mechanically powered watch by the use of the moment of an unbalanced mass
(see figure 1.1) [4-T7].

There are many hybrid devices where photovoltaic cells are used to assist
the battery available in markets such as Casio watches and calculators. Some

other commercialized motion harvesters are described in [5]. Perpetuum and



Ferro Solutions offer devices with volume on the order of 13 cm? capable of gen-
erating up to 10.8 mW. Kinetron has a 28 mm? rotational micro-generator that
generates an average power of 5uW. As for piezoelectric devices, Advanced
Ceramics produces micro-generators yielding 142 mW at a frequency of 35 Hz.
MicroStrain Inc. has commercialized a piezoelectric harvester which produces

about 200 pW at a resonant frequency of 60 Hz [6].

Oscillating
weight

Oscillating
weight gear

Transmission gear

e
Thm lectric
modules

Booster Adiabatic
integrated circuit Arm case

Figure 1.1: Diagrams of Seiko self-powered watches by heat energy (a) and me-

chanical energy (b) [4].

The electronics industry generally follows Moore’s law for decades, how-
ever, the only type of component that did not obey the law is power source.
Although batteries are considered as critical elements in mobile electronics,
they are the slowest trending in the field among other criteria such as CPU
speed, RAM and hard drive capacity. For the last several years, there has
been no significant improvement in the energy density of batteries. Even
though new materials are revolutionizing the form factor of batteries, the in-
adequateness of battery density does not scale exponentially as seen in figure
1.2. Overcoming this problem requires investigating other solutions of energy
sources [4]. Supplying power is a big challenge in devices like wireless sensors.
For instance, marine electronics that are used remotely cannot be practically
powered by batteries since they need a frequent replacement or replenish-

ment [8]. The challenge becomes more complicated in case of some technologies
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Figure 1.2: Improvement of computer industry elements [4]

such as internet of things (IoT), when controlling battery maintenance for a
large-scale network consisting of plenty of sensor nodes is extremely difficult, if
not impossible. This is the reason why energy harvesting is suggested to be an
applicable alternative to be providing an independent long-term power for such
devices [9,10]. The area of energy harvesting is receiving a particular interest
from researchers also because of its capability to exploit some amounts of lost
energy that is wasted in the environment from its sources. Even though this
harnessing happens for a small quantity, it definitely has a significant impact

economically and environmentally [11,12].



1.4 Motivation

Electronics industry worked in the past few years and still to reduce the
power consumption of electronic components to sub-watts thanks to silicon-
on-insulator (SOI) technology. this technology gave rise to the evolution of
CMOS transistors, the very important component for advanced circuit designs
such as Very Large Scale Integration (VLSI) [13]. Today’s focus on low power
consumption research and development is because battery-powered electronic
devices have created a growing demand for energy-efficient circuit designs.
Future progress will depend on the development of relatively cheap devices
with complex functionality, high-performance and long lifespan batteries. The
recent researches are dedicating efforts to reduce VLSI power consumption
through several techniques as reported in [14].

Since the initial development of the bio-implantable cardiac pacemaker from
the 1950s [15], the field of bioengineering has provided many different im-
plantable medical devices (IMDs). They are directed to the medical profession
in order to tackle various health problems such as bradycardia, fibrillation,
diabetes, and disability [16]. These advances are the result of dedicated efforts
of inventors and entrepreneurs who established an important new industry for
IMDs. Some of these devices are listed in table 1.1.

The global bio-implants market has been estimated to be $ 94.1 billion
in 2012 and is poised to grow at a compound annual growth rate of 7.3 %
from 2012 to 2017. Rise in the aging population and increase in incidences
of chronic diseases like osteoarthritis, old age-related trauma, cardiovascu-
lar diseases, neuropathic disorders (Alzheimers disease and Parkinsons), and
congenital disorders and deformities is expected to trigger the growth of this
market [17]. Today, implantable cardioverter defibrillators, drug delivery sys-
tems, neurological stimulators, bone growth stimulators, glucose sensors and

other implantable devices make the treatment of a variety of these diseases

5



possible [16,18]. They also give patients a lower-cost and hassle- free option
for continuous monitoring of vital signs and in some cases treatment of their
health conditions right from their homes with less need to have them travel to
hospitals and medical clinics [19].

Pertinent deployment of an IMD is massively depending on the continuous
supply of energy. In this sense, long- term powering and recharging of an
IMD via a highly safe efficient and convenient way is, therefore, extremely
important. Because of the battery issues and low power CMOS developments
mentioned earlier, energy scavenging received a great attention in the submil-
limeter scale applications. Packaged high energy density batteries are capable
of providing energy to the IMDs for a limited lifetime such as 8 years for
some pacemakers (refer to figure B.4), based on functionality and usage, while
surgical intervention is required eventually for battery replenishment. With
an increase in longevity of patients, the need for long-term sustainable au-
tonomous powering and overcoming the finite battery capacity has become

imperative.

Table 1.1: Some electrical implantable devices [8, 18,20, 21]

Orthopedic im- Cardiovascular im- | Other medical im-
plants plants plants
-Spinal stimulators -Cardiac  resynchroniza- | -Cochlear implants
tion therapy devices
- Trauma stimulators | -Cardioverter  defibrilla- | -Artificial retinas
tors
-Cerebral pacemakers | -Pacemakers -Continuous  glucose

monitoring systems

namic monitors
-Insertable loop recorders

-Hydrocephalic -Ventricular assist devices | -Muscle stimulators
pumps (VADs)
-Implantable hemody- | -Blood pressure sen-

sors
-Drug delivery
tems

Sys-




1.5 Contribution

This thesis contributes to the area of energy harvesting by developing an im-
plantable power generator capable of exploiting the kinetic energy available in
the daily activities of the human body and converting it into electrical energy
to power bio-implants directly or to charge their batteries. The objective of
this approach is to contribute in solving IMDs power issues mentioned ear-
lier. The harvester uses a 3D structure of micro-coils fully compatible with
MEMS fabrication techniques for energy harvesting application for the first
time. Their advantage of high aspect ratio offers production of higher induced
voltages compared to planar coils that are commonly used in MEMS devices.

The device is designed to be capable of harvesting low frequency kinetic
energy and to have a non-resonance property. The micro-generator has a to-
tal volume less than 1 cm?®, with this small footprint size, the device can be
inserted safely without damaging biological tissues inside the body to pro-
vide continuous power for bio-implants from horizontal movements. These
mechanical movements are available in many places in the body which makes
the device suitable for implanting in several places without being dependent

to a certain location that would be far from the bio-implant.

1.6 Thesis Overview

This thesis is organized as follows: In chapter two, previous works are re-
viewed, since the topic of the project is based on an electromagnetic induction
to harvest energy, other methods reported in the literature are surveyed, and
in each method we discuss issues, advantages and disadvantages, and the chap-

ter is finished with a comparison and conclusion. The design of our harvester



is presented in chapter three, from the initial design passing through the im-
provements to reach the final design, in each phase, we present equations for
theoretical analysis with the simulations performed on the design. Chapter
four deals with prototypes micro-fabrication, here we present four fabrication
phases to reach a successful and more stable micro-generator. The changes
in plans are illustrated and discussed in details. In chapter five, we present
and discuss the experimental results, the deice is first tested to study the plat-
form displacement and find the friction force. After that, we present results of
testing the device for open circuit voltage and power generation in two sets of
tests: on a linear shaker and on wristband to mimic some daily body activities.
Chapter six is the last chapter where the conclusion about the performance
findings is drawn and suggestions are outlined as future work concerning the
increase of coils turns to boost up the performance for battery charging paving

the way to next path in research and development.



Chapter 2

Energy Harvesting Methods
Background

2.1 RF Energy Harvesting

When mentioning radio frequency (RF) energy transfer or harvesting, two

distinguishable types worth are listed:

a) Nonradiative RF transfer: Based on inductive coupling, an RF source
is connected to a coil with R, loss and self-inductance L; (see figure 2.1a).
In the proximity of this coil, a receiving coil that has a self-inductance L,
is placed, the signal that is present at the receiver due to mutual induc-
tance M is used to power a load resistance Ry. A rectification and power
management network can also be embedded in the receiver before the load
to convert the voltage according to the load requirements. In order to in-
sure efficiency of high power transfer, capacitors are connected in parallel

to the coils as C}; and Cpe or in series as Cy; and Cy,. The voltage that
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is present at the load in the receiver is ideally directly proportional to the

source voltage as detailed in the equations series by Olivo et al. in [7].

b) Radiative RF transfer: An antenna is connected to an RF source to
make up the transmission network from which power is radiated in a form
of electromagnetic (EM) waves. These waves travel in the medium to be
captured by the receiver antenna in the other side [22,23]. After the sig-
nal is rectified, its energy is stored in a battery or dissipated in a load.
The receiver antenna with the rectification circuit is called also rectenna
(dashed box in figure 2.1b). Assuming the maximum directivity of the
two antennas, the relation between transmitted and received power is ex-

pressed with Friis equation [24].

Re Cs1 Cs2

s o T s e e e o

OMY ] = (VP [

Source Transmit Far- T T P ~
antenna field Receive Rectification
antenna and power
management

(b)

Figure 2.1: RF Energy harvesting types:(a) inductive coupling system and (b)
radiative energy transmitter-receiver system [24,25].

The RF energy harvesters used for bio-implantable applications are subject to
extension in order to perform bi-directional transfer, downlink for power and

control signals transfer, and uplink for data reading [23,26-28]. Harvesting
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or transferring energy through RF waves is the most popular way developed
according to the literature. The use of inductive links to power implants has
been deeply investigated, the designs use the transmitter outside the body to
drive the RF signal through the skin tissue to the implanted receiver. It has
been shown that inductive links used for implantable chips are capable of deliv-
ering noticeable amounts of milliwatts of power from 0.14 mW up to 150 mW
at frequencies in the range of 0.7 MHz at 1.2V to a maximum of 915 MHz [7],
such power values are high enough to operate several subcutaneous electronic
bio-implants (Figure 2.2). A lot of factors can affect the transmission efficiency
as the tissue thickness and angular misallignment of the coils [26,29]. In [23]
three types of antennae designs simulations show an example of power drop-
ping from 90 pW to 0.3 pW when the implant depth is increased from 1cm to
8 cm, an angular misalignment of 45° in [26] causes the power at the load to
drop by two thirds.

The efficiency of such harvesters is described to be low. For instance, a
hybrid resonator for wireless power transfer is reported to have a maximum
efficiency at the receiver load to be 9.41% with transmitter receiver distance
set to be 5cm [30]. Although the efficiency can be boosted up to a maximum
of 23% in the GHz frequencies [1], it can also be compensated when the trans-
mitter power is increased to insure receiving enough power at the receiver.
Controllable transmitter source can be a drawback when the implant depends
on huge hand-held charging source (figure B.1). On the other hand, high power
values can lead to a remarkable heating effect in the tissue located near to the
receiver during transfer. That is why, for safety reasons, the source has to be
controlled not to exceed the maximum absorption rate level (SAR) which is
related directly to tissue temperature and differs from tissue to another within

the range 1.6-4 W /Kg according to IEEE regulations [7,23,25, 31].
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(a) (b)

Figure 2.2: Examples of devices powered with RF waves: (a) an assembled
receiver in bio-compatible package to be used as endoscope next to 1 eurocent
coin, (b) cochlear implant, RX coil positioned beneath the skull behind the
ear to be powered by the external coil TX [29,31].

2.2 Thermal Energy Harvesting

Heat is another form of plentiful energy present in the environment, therefore
it implies an urgent need for developing devices to recycle it. With advances in
materials science, thermo-electric properties of some materials and alloys has
been studied and utilized for applications as high temperature thermometers
and thermo-electric generators (TEGs) that are built based on Seebeck effect.
Seebeck effect is the direct conversion of temperature difference between two
dissimilar doped materials such as n—poly—Si, n/p—Bi,Sb,T, and poly—SiGe,
connected thermally in parallel and electrically in series to form the thermo-
couple unit [32]. Seebeck effect is atomically the diffusion of the majority
charge carriers from the hot to the cold region. Several connected units build
up the TEG as shown in Figure 2.3. The voltage V that is generated across a
thermal generator is expressed as:
T
V= [ 185(1) - Su(myar (21)
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Hot Surface (Heat Applied)
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Cold Surface (Heat Rejected)

Figure 2.3: A diagram of a thermo-electric generator [33].

Where T5 and 717 are the temperatures present at the hot and cold surface,
respectively, and Sp and S4 are the Seebeck coefficients (in V/K) of the two
dissimilar materials [7].

The generator efficiency is defined as Carnot efficiency that is the ratio
AT/Ty where AT is the temperature difference between Ty the hot surface
temperature and the cold surface temperature across which the generator is
operating [4].

2 surface is capable of producing

A thermo-electric generator of 0.21 cm
2.5nW at AT = 10°C with an open circuit voltage Voo of 0.1 V. Under the
same temperature gradient, this power can be increased up to 18 pW with
hundred folds of voltage increase by enlarging the thermo-generator surface
to 1cm? [34,35]. In fact, the temperature difference at the surface of human
body is much lower, although areas as wrist and ankle can insure a consider-
able temperature differences due to blood vessels, a maximum AT of 4.75K
is achievable during running activity at 25°C room temperature [7,32]. In
addition to the generator location, the performance depends on the choice
of fabrication material and generator design. For example, a TEG based on
poly—SiGe provides a power density of 4.51W /cm? compared to BiTe gener-
ator which offers a value as high as 30 uyW /cm? [36].

Although the efficiency of TEG is reported to be as small as 1% for AT =
20°C [32,37], yet the thermal energy harvesting is largely engineered for wear-

able electronics [4,5,37,38] and it is commercially available (see Figure 1.1a).
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Notebook

Figure 2.4: Experiment setup of an implanted TEG in rabbit abdomen [41].

As for bio-implantable applications, few works were dedicated to exploit ther-
mal energy in the literature [39-41]. Yang et al. reported simulations of a
TEG positioned in a depth of 7.1 cm, it is mentioned that the maximum tem-
perature difference has been found to be 1.142°C. In vivo experiments carried
out on a rabbit abdomen (Figure 2.4) revealed an output Voo to be 5 mV with
an estimated power of 14.4 pW delivered at 100 k<2 [41].

2.3 Bio-fuel Cells

Bio-fuel cells (BFCs), one of many achievements of micro-fabrication, is a
miniaturized electro-chemical cell that is made to convert the energy of biomass
to electrical energy. It operates by extracting electrons from chemical com-
pounds via oxidation/reduction reaction. The chemical reaction inside the cell
occurs with the intervention of catalysts according to which the bio-fuel cells
are usually classified: bacteria as Shewanella species, enzymes as laccase or
abiotic as platinium [8,24,42]. As shown in Figure 2.5, in the anode compart-
ment, organic fuel (vinegar) is supplied into the system, and the bio-catalyst
(bacteria) converts vinegar into glucose during the metabolism process. The
generated electrons move from the anode electrode through the load to the
cathode. The fuel and the oxidant streams are separated by a membrane that

allows only protons to pass to cathode compartment to reduce the oxidant and
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Figure 2.5: Schematic diagram of a bacterial fuel cell extracting electrons from
vinegar fuel during metabolism [43].

the overall reaction is described as,
C6H12OG + 6 02 — 6 COQ + 18 HQO (22)

A microbial fuel cell (MFC) is capable of generating out of glucose fuel
a potential of 21mV [44] to 265mV at 1k [45]. The power density har-
vested by an MFC at the transverse colon from intestinal fluid can reach only
7.331W /cm? [46]. These experimental values are shown to be stable only for
short periods of time then decay in less than a month. Enzymatically cat-
alyzed cells can provide a higher power density as 440 uW /cm? [47] yet their
duration of stable power generation is reported to be capable of only meet-
ing the demands of bio-implantable devices for short-term application as a
month in favorable cases [8,48]. Abiotically catalyzed fuel cells exhibit a lower
performance in the order of 50 pW/cm?, nevertheless, it can successfully last
for longer period as 150 days [49]. In addition to catalyst choice, a couple of
different operation conditions that affect the performance are taken into con-
sideration including temperature, pH of the medium, reactants flow rate and
electrodes surface-area-to-volume ratio (SAV) [43,44,47,50-53].
The major attraction for the glucose BFCs since few decades is due to the

fact that the fuel and the reaction products are highly bio-compatible and
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available in the bloodstream. That is the reason why it can be deployed for in
vivo MEMS-based applications [53]. A pacemaker has been successfully oper-
ated in [52] after its battery was replaced by an enzymatic fuel cell working on
glucose fuel (figure 2.6a). In order to enhence power density, other improved
designs are suggested such as membrane-less fuel cells to decrease cell volume
and lower ohmic losses [42], and carbon nanotube (CNT) electrodes to improve

their SAV (figure 2.6b) [43].

0.5s ' 0.5mV

(a) (b)

Figure 2.6: (a) bio-fuel cell charging pacemaker setup: (A) from right to left,
bio-fuel cell, charge pump interface, pacemaker, implantable loop recorder, sensor,
(B) battery powered pacemaker pulses, (C) BFC powered pacemaker pulses, (b)
an assembled MFC with high SAV using CNTs compared with a one-cent US coin
[43,52].

2.4 Electrostatic Energy Harvesting

Electrostatic forces are both impractical and inefficient in the macro-scale
transduction applications. Because these forces depend on the surface, then
according to scaling laws they become much more significant. They become
practical at small size scales and are well suited for MEMS electrical power

generators implementation [5]. The electrostatic generator (ESG) is simply a
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capacitor with two parallel plates of area A separated by a distance d by a
medium with permittivity . The relation between the capacitor plate charge
@ and its potential V is,

Q= %4.\/ (2.3)

As for the stored energy, it is £ = 1/2.QV. Two different methods of operation

in which the electrostatic forces can be used to generate electrical energy [54]:

a) Constant charge: it is the case where a pre-charged capacitor with
low voltage is subject to a mechanical force to increase the gap distance
between its plates (figure 2.7), leading to an additional energy storage in

a form of electric field that can be used to power a load.

b) Constant voltage: by applying a horizontal force that changes the ac-
tive area of interdigitated plates of a pre-charged capacitor and forces the

charge to circulate across a connected load (figure 2.7).

a) b) c)

2 Generate

+Q
+Q +++++

t4++++

Discharge

Figure 2.7: Electrostatic generator operation at constant charge: a) and b) before
and after increasing the plates inter-distance, and c) the @-V diagram of a complete
cycle [54].

The potential generation for the ESGs has been shown to reach 58 pW of power
with a constant voltage from 24 V at 4.76 Hz excitation frequency [55] to 80 pW
with 120V at 30 Hz [56]. Some issues should be prevented in designing ESGs

such as air damping trouble due to packaging, and plats impact that damages
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Figure 2.8: Electrostatic generator operation at constant voltage: a) and b) before
and after increasing the plates active area, and ¢) the @-V diagram of a complete
cycle [54].

the structure under high excitation which is avoidable using mechanical stops
[32].

ESGs need to be recharged to operate, although they show high voltages,
they have low efficiency which limits their feasibility for some applications [7].
Electrets are suggested to be used as recharging sources (Figure 2.9), electrets
are analogous to magnets, made of materials based on SiO, such as SiOy/SizNy
or polymers such as fluorinated parylene. They behave as charge traps that
are reported to handle high potentials up to 300V with a long lifetime as 50
years [54,57]. A charge pump also can supply the charges to the capacitor by

siphoning the required energy to maintain the cycle [32].

Figure 2.9: Comb drives ESG with a pre-charging electret [57].
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2.5 Piezoelectric Energy Harvesting

Piezoelectricity phenomenon as mentioned in section 1.2 is discovered a long
ago. The direct piezoelectric effect, as shown in figure 2.10a, is the conversion
of mechanical energy to an electric field when the applied mechanical work of
the force F' is converted into electric energy. This happens by misshaping the
symmetric crystal so that the central ion moves from the center creating polar-
ization and energy is stored in a form of electric field [58], this is the reason why
piezoelectric transduction is well suited to the reciprocating motions like vi-
brations. This phenomenon is seen in materials such as lead zirconate titanate
ceramics (PZT), aluminium nitride (AIN), zinc oxide (ZnO) and some poly-
mers [24]. The general constitutive relation between the applied stress vector
o and the resulting electric displacement vector D for direct piezoelectricity is
described in [59] as,

D =e’E + d% (2.4)

Where €7, E and dq are vectors for permittivity, electric field and piezoelec-
tric coefficients, respectively. There are two commonly used coupling modes
for direct piezoelectric effect, identified by the direction of the mechanical force
and polarization. The direction of polarization is conventionally denoted as
the 3’ direction. As shown in figure 3.9b, d3; mode implies that charges are
collected on the electrode surface perpendicular to the polarization direction
when tensile or compressive force is applied perpendicular to the polarization
axis, and ds3 mode is for the case when the applied force is parallel to the
polarization axis [60]. Piezoelectric generators are commonly suggested power
sources for wearables and portable electronics mounted in shoes, near muscles
or joints to exploit the present stress [5,61]. For example, in a shoe mounted
cantilever, a voltage of 50 V and a maximum power of 0.3 mW are achievable
at 40 Hz [62].

For bio-implants powering applications, it is anticipated that piezoelectric
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Figure 2.10: Piezoelectric principles:(a) symmetric crystal (left) and when a vertical
force F' is applied to move the central ion up creating polarization in the crystal,
and (b) the conventional coupling modes for current generation ds; (left) and dss
(right) [58, 60].

scavengers are feasible [63]. In [64], a piezoelectric harvester connected to rab-
bit quadriceps produced 1pW that is enough to power a muscle stimulator.
Flexible PZT generators reported by Dagdaviren et al. (Figure 2.11) were in
vivo tested in bovine heart and lung, and were able to power a pacemaker [65].

Piezoelectric generators pose some particular issues, although they produce
high voltages, achieving high power requires hitting resonance frequencies
higher than the ambient vibrations ranging from 50 Hz to hundreds of Hertz
because of their small size as microstructures [5,64]. Also, high dielectric con-
stants for some materials (1000 for PZT) lead to high impidence demanding
big matching loads for maximum power generation. Some high power values
reached with small footprints are obtained with unpackaged devices and could

significantly be damped once harvesters are packaged [7,24].
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Figure 2.11: PZT generators implanted in bovine heart [65].

2.6 Electromagnetic Induction Energy

Harvesting

Electromagnetic harvesters employ mechanisms that use vibrations to make
relative motion between magnets and coils. Energy conversion is based on the
magnetic flux that changes in a coil, this leads to an induced electric potential
across the coil, called an electromotive force (emf). This phenomenon is known
as induction law of Faraday. The equation describing Faraday’s law in case of

a coil of N turns is,

dy d
Vi = ~N92 = _ %(/SB.dS> (2.5)

Where Vs is the induced voltage and ¢ is the magnetic flux, that is also the
surface integral of the flux density B and the coil surface S vector product. A
schematic diagram shown in figure 2.12 of a generic inertial generator, y(t) is
the frame displacement when it experiences an external force. The proof mass
m, which can be a magnet, attached to a spring undergoes a relative displace-
ment z(t). Energy is converted when work is done against the damping force
f(2) and the damper represents coils that oppose the magnetic flux change by
generating an electric potential. The most reported magnets to be used are

NdFeB rare earth magnets for their strong flux density [66-68].
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Figure 2.12: A general mechanical model of an inertial generator [5].

Electromagnetic generators are commonly mounted in wearable devices
(Figure 1.1b), shoes, backpacks or moving body parts as knees [11,69,70]. A
micro-generator of 0.25cm?® volume is reported to produce power of 2 - 25 pW
from different body locations [71]. In [72], a generator with resonating di-
aphragm configuration at 50 Hz, a voltage of 7.5mV and an output power
of 190nW was delivered to 3002 load. Higher performance as 680 pW and
4.4V, at frequencies 60-110 Hz could easily drive an IR remote control [73].
Rotational electromagnetic harvesters are capable of generating fair amount of
power, however, they are not convenient for harvesting from the ambient and
impractical for implantable devices [32, 74, 75]. Inertial micro-harvester de-
sign for bio-medical devices was developed in [20] with a footprint of 0.5 mm?
to produce 1.1 Vgyys with an estimated 0.4 mW output power. Non-resonant
or wide-band low frequency harvesters are more practical to respond to wide
range of ambient vibrations, an example of this is a 1.5 cm? generator reported
in [76] to produce up to 35pW in the range of 2 - 10Hz (figure 2.13). Some
important factors are mentioned to decrease performance of electromagnetic
harvesters such as losses caused by eddy currents or damping due to friction.

Temperature during fabrication or operation also has to be much below the
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Figure 2.13: A prototype of a non-resonant electromagnetic energy harvester with
quarter dollar [76].

Curie temperature to prevent magnetization loss of magnets [24].

2.7 Conclusion and Summary

A general overview of several methods are covered to be useful for exploiting
energy from the environment and be a source of power for implantable devices.
So far, lithium batteries still remain dominant in this area because of their high
energy density, however, their lifetime is not satisfactory. One possible way to
overcome such limitation is to develop devices that are capable of extracting
ambient energy in order to charge batteries or to directly feed the electronic
devices.

RF harvesters are already commercially available. They can provide high
power to bio-implants by controlling the source, which may be seen as a draw-
back from the perspective of external source dependence. The transmission
distance can make them practical for subcutaneous implantation but not for
invasive devices. Thermal generators are an alternative that has low efficiency
and can provide high power in high temperature gradients or when stuck in
arrays. They depend on location which limits their application for some im-
plants. Enzymatically catalyzed bio-fuel cells provide power density better

than the bacterial cells, however, both have short lifetime. Abiotic ones are

23



more stable and can operate for longer time. In areas where motion and vi-
bration is available, vibration based methods i.e. electrostatic, piezoelectric
and electromagnetic, are the best choice. Power density is important to be
considered for bio-implantable devices to insure less volume producing ade-
quate power, and this would be in favor of piezoelectric and electromagnetic
generators. For motion based implantable generators, packaging in vacuum is
necessary to overcome damping losses.

Hybrid harvesters are also suggested to exploit more energy by means of
coupling two methods as piezoelectric and electrostatic transduction [5,77]. A
few other methods were not covered in this review, which are less reported in
the literature and have not been proven to be useful for implantable devices
such as photo-voltaic micro-generators that cannot be implanted since they
need exposure to light. Also, hydrocarbon and nuclear based micro-fuel cells
have high power density but are impossible to be implanted because of fuel
and heat control difficulty for the former and potential radioactivity danger
for the latter [20,41,46,48].

Generators developed for bio-implantable devices have to be well encapsu-
lated in bio-compatible materials as platinium or some polymers which should

not elicit an adverse response from the body and vice-versa [78].
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Chapter 3

Harvester Theory, Design &

Simulations

This chapter contains detailed design of the energy harvester followed by the-
oretical calculations and simulations. A design is initially proposed to start
with, then updates are made following the simulation and calculation findings.
Some improvements in the design and materials are also made later to address

issues that arose during fabrication phase as explained in chapter 4.

3.1 Initial Design

The initially proposed harvester consists of two movable platforms, a pair of
stators, permanent magnets, micro-coils, and ball bearings. One single plat-
form contains two trenches on the sides to house the micro-balls, and has in
the middle two cuboid openings where permanent magnets are placed with al-

ternating polarity (figure 3.1a). A stator has also two micro-balls trenches on
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Figure 3.1: Proposed micro-generator design:(a) platform with embedded magnets
and balls trenches, (b) stator with serially connected wound micro-coils and balls
on side trenches, (c) platform placed on stator showing motion direction and (d) a
compact view of the assembled micro-generator.

the sides; it contains three aligned micro-coils serially connected (figure 3.1Db).
When the platform is flipped over the stator, the trenches fit on the micro-balls
allowing the platform to move in the direction shown in figure 3.1c. Stacking
another platform and a stator on the top makes up a complete micro-generator
unit (figure 3.1d).

The material chosen for building the platform and stator is initially poly-
dimethilsiloxane (PDMS), that is (CoHgOSi)n, a bio-compatible and flexible
polymer, that is widely used in bio-implantation applications [79]. The mag-
nets chosen for the platform are NdFeB for their strongest remnant flux density
of 1.4T, micro-balls initially were chosen to be plastic, the number of balls per
trench is chosen to be four to insure a stable motion of the platform with
maximum possible travel distance that is 2.5 mm. Trench depth is chosen so
that platform-to-stator gap is 50 pm when the platforms are sandwiched by

the stators. Both micro-balls and magnets are available off-the-shelf.
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Figure 3.2: (a) platform with magnets detached, (b) platform from the back, (c)
two assembled platforms with micro-balls on trenches, (d) stator with 3D micro-coils
and micro-balls, (e) back view of the stator and (f) a post with wound micro-coil
(few turns are represented for simplicity, dimensions are not to scale).

The 3D solenoidal micro-coils of the stator are advantageous over the pla-
nar coils which have microfabrication complexity and number of turns limi-
tations [80], the 3D micro-coils are electrically insulated, and can be wound
multiple times around columns to improve output power, this process is fully
MEMS compatible made by a wire bonder developed by Kratt et al. [80-83],
the wire is 25 pm diameter made of Au with 2 pm insulation coated by Polysol
155 [81]. The platform parts and their parameters are shown in figure 3.2a-c.
The same for the stator in figure 3.2d,e, and a 3D helical micro-coil is shown

in figure 3.2a-f. All these parameters are summarized in table 3.1.
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Table 3.1: Initial micro-generator parameters

Platform and stator material PDMS

Platform size Ip X wp X hp 7 X7 x1mm
Magnets material NdFeB

Magnets size Iy X wypr X has 2 x 2 x0.5mm
Inter magnets distance dj, 0.5 mm
Micro-balls material Plastic

Micro-ball diameter 1 mm

Micro-balls number 4

Platform trench size lpg X wpp X hpg | 5 x 1.05 x 0.5 mm
Stator size lg X wg X hg 11.5 X 7 x 1mm
Column size lg X wg X hg 2 x 2 x 0.45 mm
Inter columns distance dg 500 pm

Micro-coil material Au

Micro-coil wire diameter 2r 25 pm

Number of Coil turns N 100

Stator trench size lsp X wsp X hsp 5.5 x 1.05 x 0.45 mm
Platform-stator air gap dpg 50 pm

Platform total travel distance 2.5 mm

3.2 Operation Principle and Analysis

The two stators are fixed to the package (not shown in figure 3.1d for simplic-
ity), so they move together when the device is subject to a horizontal displace-
ment due to body motion. The rolling micro-balls from top and bottom make
the platform to slide relatively to the opposite direction with velocity v (figure
3.3a) and the micro-magnets horizontal magnetic flux changes in the micro-
coils of area A inducing a voltage V' according to Faraday’s law as defined in
section 2.6. To simplify analysis, curves in figure 3.3b are approximated to

straight lines. For three serially connected coils, equation 2.5 becomes,

B dB,(t)| |dB..(t)| |dB..(t)
V=4 ' dt ‘+' a ||
(3.1)
Bzmam 2Bzmax Bzmax . BZTI’L(II
:NA( AR )—4NA
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Figure 3.3: (a) magnets displacement relative to micro-coils and (b) sketch of the
corresponding flux density in each coil.

The voltages in the equation are taken in absolute values because the coil
winding direction is taken into account to make sure to have additive voltages.
Subscripts [, ¢ and m are for left, middle and right coil, respectively. z subscript
denotes the component of magnetic flux density, the two other components
along x-axis B, and y-axis B, are parallel to the coil surface, thus, they do
not contribute in voltage induction. 7" is the time required for the magnet to
move [y + dj, total distance, then V' (¢) can be rewritten

Bzmam
I + dg

the induced voltage will have the same shape as velocity v i.e sinusoidal with

frequency f. The load impedance Z is expressed as,

Z = \/R? + 4n2f2L2 (3.3)
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Where R and L are coils resistance and inductance, respectively. The output

RMS power is related to Z and V' as follows:

1 (Vi \> V2(2)
Prms:_ = A4
Z( 2 ) 87 (3-4)

The inductance for such square-shaped coil (I = wy,) can be approximated as

mentioned in [84] and rewritten for a single stator as,

[~ g 2ol [m (l—’“> » 0.52401] (3.5)

T r
here pg = 47 x 10~"H/m is the free space permeability. As for the resistance

2(l + wy)p

R~ 3N
Al

(3.6)

here p is the wire resistivity, and A,, is the wire cross section area. For typical
walking activity, the body moves at average speed of 1 m/s, with platform total
traveled distance 2.5 mm, T in equation 3.1 becomes 2.5ms and the voltage
frequency then will be f =200 Hz, in fact, plugging the micro-coil parameters
in equation 3.5 gives L = 1.2173 x 107%H which is very small and negligible
compared to the resistance for f below MHz level in equation 3.3, hence it
is safe to consider the micro-coils to be purely resistive in low frequencies
(Z = R). When the device is assembled, the two stators will be conected in
series and the total open circuit voltage V;, resistance R; of Au wire and RMS

power P, will be,

B
t) = 8NI 2T ot )
Vi) = 8Nl wi = o) (3.7)
Ry = 600N (I, + wy,) (3.8)
NI2w? B?
P’r’mst — k 'k ~zmax 2t 3.9
trms () 7a@+uwah+@yv() (3.9)
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A magnetic flux density B, at distance z above a cuboid magnet has a remnant

flux density B, according to [85] is,

Br ZMUJM
B, = — | arctan
m 221/422 + 13, + w3,

— arctan b wu (3.10)
2(z + har) /42 + har)? + 13, + ¥,

This equation is valid only for a point above the center of the magnet, finding

the volume flux density passing through the coil is difficult by calculation due
to nonlinear effects including magnetic flux leakages and the varying curva-
ture of flux lines, instead, results are found by finite element analysis using
AC/DC model in COMSOL Multiphysics®. Figure 3.4 shows the dashed line
along which B, distribution data is collected. The simulation is performed by
setting the platform position to magnet-to-column perfect alignment for max-
imum horizontal magnetic flux in figure 3.4a along the top surface of columns,
and figure 3.4b along the bottom surface. A 2D graph of the same B, dis-
tribution, for top columns surface in figure 3.4¢ in which the maximum value
for B, is 0.42T and bottom surface in figure 3.4d with a maximum of 0.22T
indicating a noticeable difference of flux density across the coil height.

To calculate maximum voltage, resistance and power, the maximum volu-
metric flux density B,,.. has to be found. This can be expressed as,

1
Binas = —/ B..dV (3.11)
Vi Jui

Here V} is the column volume, according to the simulation, B, is found to be
0.234T. Solving equation 3.7, 3.8 and 3.9 according to the simulation finding
with initial device parameters in table 3.1, the total device voltage, resistance

and power values are V; = 0.3V, R, =240 and P,,,,,s = 46.73 nW.

31



Top-botto:
Topand PDMS
bottom  columns

, 1,/.—, W:F} ”

L
S L
£ N vam
( ) Line Graph: Magnetic flux density, z component (T) (d) Line Graph: Magnetic flux density, z component (T)
C
0.4 0.2
€ HEa e I
2 03 g o1 /
o o
< c
g 02 g o1
; 5
8 0.1 o 0.05
N N
P ——['F =
@ @
c c
[} [}
T -0.1 T 0.05
x x .- . . . .-
2 Left coil Middle coil Right coil 2 Left coil Middle coil Right coil
02 0.1
& 03 & 015
z \/Kﬂ\) z
0.4 02

0 g 2 5 6 7 o 1 2

3 4 3 4
Arc length Arc length

Figure 3.4: COMSOL simulations of B, on the line on the top surface of columns
(a) and bottom surface (b). B, along the stator length on top columns surface (c)
and bottom surface (d).

3.3 Updated Design

After the magnets are integrated in the upper and lower platforms, experiments
showed that it is possible to combine the two platforms in a single 2 mm thick
platform, also two magnets having dimensions Iy, X wys X hpy = 2.5 X 2.5 X 2
mm can be used instead of four small ones (updated dimensions are in table
3.2. Two magnets could be stood side by side as shown in figure 3.5, the
torques generated by the magnetic force on the upper and lower sides cancel
out, so that the two magnets are attracting each other without falling down
by the friction of the side walls of the platform walls. Therefore, the desired

structural stability is achieved.
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Simulations for the updated design are done for platform set at the rightmost
position in figure 3.6, At the top graph, the representation of magnetic flux
density on the top surface of columns reaching a maximum of 0.65T, and
the bottom figure shows the magnetic flux density at the bottom surface of
columns that reaches a maximum of 0.39T. The volume average flux density
is found to be 0.443 T. According to these updates, V; = 0.47V and Pj.,,s =
167.47 pW. The increase in magnet surface and using the free space in the
previous platform design leads to a denser magnetic flux that yields to an

increased voltage and a fourfold higher power.

Figure 3.5: Side view of the updated design using single platform with two magnets,
showing magnetic flux lines that stabilize them inside the platform (dimensions are
not to scale).
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Figure 3.6: Surface z-component of magnetic flux density on the top surface of

columns (top), and bottom surface (bottom).

3.4 Final Design

This final design of the stator is developed after prototype fabrication using
square shaped columns design, also materials are updated, the platform is
made of Aluminium, the stator is made out of silicon, the coil posts are chosen
to be of SU-8 photoresist, copper is chosen for coils wire and number of turns
is changed as well, and silicon nitride micro-balls are used instead of plastic

ones. All of these changes are made after some limitations encountered during
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micro-fabrication and wire bonding processes, every change is explained and
justified in details in chapter 4. Here the geometry of the columns is changed
to cylindrical with radius rx = 1 mm, and the final device structure is shown

in figure 3.7. All the final parameters are summarized in table 3.2.

Magnet openings

! '

Pads Coil post

t

Ball trench

Figure 3.7: (a) Platform final design shown with openings without magnets, (b) a
view of the final stator design with cylindrical coil posts, and (c¢) a cross-sectional

view of full device with a package.

The geometry of coils is changed (figure 3.8), and the performance changes
as a result. Therefore, the performance analysis of the device is performed

again, equation 2.5 can be rewritten as:

V() =Vi(t) = Vi (1) + V(1)
(3.12)
_ NA<del dem + der) _ NAdet

dt dt dt
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Table 3.2: Final parameters of the micro-generator*®

Platform / stator / posts material Al / Si / SU-8
Platform size Ip X wp X hp 7.5 x 7.5 x 2mm
Magnets material NdFeB

Magnets size Iy X wyr X hay 2.5 x 2.5 x 2mm
Inter magnets distance djs 0.5 mm
Micro-balls material SigNy

Micro-ball diameter 1 mm

Micro-balls number per trench 4

Platform trench size [pg X wpp X hpg | 5 x 1.05 x 0.5 mm

Stator size lg X wg X hg 11.5 x 7.5 x 1mm
Column size hx X 7 X 1% 0.45 x 7 x 12 mm
Inter columns distance dg 500 pm

Micro-coil material Cu

Micro-coil wire diameter 2ry, 25, 50 pm

Number of Coil turns N 12, 13

Stator trench size lsg X wsg X hsp 5.5 x 1.05 x 0.45 mm
Platform-stator air gap dpg 50 pm

Platform total travel distance 2.5 mm

* Bold indicates the changed parameters.

Here the middle coil voltage has a negative sign, indicating that the coil
is wound in the opposite direction with respect to the other coils to maintain
additive positive induced voltage. The relationship between velocity v and B.;
is expressed as

det o dBZt dl’ o det

o aa - a W (3.13)
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Figure 3.8: Schematic of the final design of coils showing the relative displacement

of magnets along the x-axis.

The flux density at this stage can be estimated by finite elements analysis,
when the platform is at the leftmost position, a maximum B, on top surface
is found to be 0.579T and 0.342T on bottom surface (figure 3.9). For such
design, further simulations are performed by moving the platform with a step
100 pm and the total volume flux density for a single stator is calculated at
every step, as shown in figure 3.10. It can be clearly seen that the total flux
density is fit into a sinusoidal function with a 0.88 T peak. For two stators,

equation 3.12 and equation 3.13 are combined to:

dB.
W@:ZNAdt

oft) = 2.N.A x 0.8 151400T)

. (1) (3.14)

The total resistance R; and inductance L; (according to [84]) for such coils

= 0.6 =}
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Figure 3.9: Vertical magnetic flux density on a line passing on the top surface of
columns (a), and bottom surface of columns (b).
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geometry will be:

N.(2
Ry~ g LN2TT) (3.15)
7T7’W
10.7. 0. N 213
Ly ~6 3.16
! Ik + 10hy (3.16)

Knowing that z(t) = t.v(t), where v is the platform speed v, according to

equation 3.14, the total induced voltage is:
Vi(t)=2 x N.m x 107° x 4007 x 0.88 cos(4007mvt)v(t) V (3.17)

At speed of 1 m/s with N =13 for example, V; =0.0904 cos(4007t) V, this result
shows that the generator can theoretically give a peak voltage of 90 mV at a
frequency of 200 Hz. According to equation 3.15, the total resistance for 25 pm
and 50 pm wire thickness is 17 © and 4 Q, respectively, and L, = 2.97 x 107°H
from equation 3.16. Since the inductance here is negligible for low frequencies,
the estimated RMS power is calculated using equation 3.4, that is 244 p'W for
50 um thickness wire and 61 pW for 25 pm.
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Chapter 4

Harvester Fabrication and

Initial Characterization

This chapter contains all details concerning the generator prototypes fabrica-
tion process including the used techniques and materials, from the first sug-
gestion moving through the changes and improvements made at many levels
to reach the final fabricated device, also the electrical characterization for the

stator is presented.

4.1 Proposed Fabrication Flow

Because of its flexibility and bio-compatibility, PDMS is widely known in
micro-fluidic channels fabrication and bio-implants [78,86,87]. Initially, a fab-
rication flow is suggested to produce the device prototype for the first design
presented in section 3.1, as it is depicted in figure 4.1, two silicon wafers used

as molds, one for the stator and another for the platform, are spin-coated with
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photo-resist polymer, UV photo-lithography process than is performed to de-
fine the mask patterns on the wafers (figure 4.1a), after that deep reactive
etching (DRIE) process is used to etch the Si wafer of the stator to a depth
of 450 pm (figure 4.1b). The PDMS mixture is prepared and poured into the
mold than hardened with heat as seen in (figure 4.1c) (details about making
PDMS in section 4.2), after that, the PDMS stator is peeled off the mold
(figure 4.1d) and Au is evaporated using a shadow mask to form the contact
pads (figure 4.1e). Finally, 3D coils turns are made by wire bonder machine
starting from a pad finishing in the other pad (figure 4.1f). The same steps
in (figure 4.1a-d) with 500 pm DRIE are performed in order to produce the
platforms. A hole device is assembled starting by adding a set of micro-balls
to the bottom stator and magnets are embedded in the platform gaps. Then
two platforms are put back-to-back and aligned with the micro-balls on the
bottom stator. Another set of micro-balls is added on the top platform and a
stator is flipped on the top of it. The two stators are then connected serially
by soldering pad-to-pad short wire. The stators can be fixed to each other by
gluing them to a PDMS thick package (figure 4.2a) and taking out two wires
from the contact pads. The package is then cured with a thin PDMS layer to
be fully sealed (figure 4.2b).

4.2 Pre-fabrication Experiments

The PDMS mixture is prepared from SYLGARD® 184 starting from two parts,
the clear Si pre-polymer (part A) and the curing agent (part B) that is respon-
sible for cross-linking and hardening. The ratio of A:B defines the flexibility
of the final PDMS, the more curing agent the harder the PDMS will be. For
our device structure, several Si pre-polymer samples are weighed and the cur-

ing agent is added to make 10:1, 3:1, 2:1, 1:1 and !/2: 1 ratios (ordered from
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Silicon - Photoresist [ ] PDMS Gold

Figure 4.1: PDMS fabrication flow: spin coating of photo-resist on the Si wafer and
UV exposure (a) than DRIE etching to form the patterns of the mold (b), PDMS
mixture is poured on the mold than cured on hot plate (c), PDMS pattern is pealed
from the mold and contact pads are defined (d-e), and the wire bonding of the
micro-coils is performed (f).

(@) (b)

Figure 4.2: (a) PDMS packaging, (b) cut view of a packaged device.

the most to the least flexible). After mixing and degassing the solution, it is
poured on molds and cured on hot plate at 70°C for 2h.

PDMS reviewed in the literature is mostly meant for microfluidic channels
where PDMS flexibility of 10:1 ratio is enough. However, for patterns as in
our case, a harder layer is needed. Even the hardest sample that is made from
1/2:1 ratio (figure 4.3a) having the same 500 pm thickness as the stator shows a
flexibility that is not suitable for making the stator and the structure is loose.

This flexibility is inspected manually as seen in figure 4.3b because of lack of
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(a) (b)

Figure 4.3: PDMS experiments: (a) example of patterned ring shape on 0.5 mm
thick base and (b) PDMS flexibility inspection.

mechanical characterization setup.

At this step, wire bonding trials by collaborators in KIT started in paral-
lel, all the steps concerning wire bonding process can be found in details in
appendix A, it was concluded that it is very important that the stator does
not deform at the first step of wire bonding. At the beginning, the substrate
is heated up to 80°C and the application of the force on the Au pad to make
wire connection causes stress on the substrate and the physical coordinates of
the winding starting point change. Also, during micro-coil winding, the stress
of the wire on the flexible posts deforms their shape, and the winding stability
fails. For these reasons, it is decided for the next step to try harder materials
such as thermoplastics which are more rigid having Young’s modulus (E,,) in

the order of 740 MPa and are temperature-resistant [88].

4.3 Thermo-plastic Prototype

A 3D printed thermoplastic stator and platform of the updated design (section

3.3) are shown in figure 4.4. As it can be seen, one of the important problems
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Figure 4.4: A prototype of thermoplastic 3D printed stator (left), and platform
with magnets embedded (right).

of the stator is a slight obliqueness, this is not observed in the platform be-
cause it is relatively short and bulk. This inclination is a major obstacle to the
movement of the platform. In addition, an experimental setup is implemented
as shown in figure 4.5 to analyze the device motion, the device is fixed to the
0S-3000 open-air shaker, the platform and lower stator are labeled for posi-
tion tracking and the motion is captured with high frame rate (HFR) camera
at 960 fps, the data than is processed in Kinovea, a software for kinematics
analysis (figure 4.6), subsequently, data analysis is repeated for several shaker
frequencies ranging from 1.67 Hz up to 4.67 Hz without observing any platform
relative motion as expected from theory, after that, the trenches are inspected
under the microscope and a roughness on the material surface is observed, this
roughness is responsible for high friction that prevents the plastic micro-balls
from rolling.

In the first design, the purpose of selecting a flexible material is to allow
the device to flex with the tissue when implanted in the body in order not to
damage the tissue. However, when we look at other bio-implants currently in
use, it is seen that most of them are made of hard materials with few hundreds
GPa Young’s modulus [18] as titanium (Ti), titanium nitride (TiN), nickel ti-
tanium (NiTi), epoxy (CyHp5ClO5), ceramics...etc., and the package shape is
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designed with round sharp-less edges to prevent damaging the surrounding tis-

sues. More details about these commercial devices are presented in appendix
B.

B

Kinovea
software

= / =
- . Lﬁ
- o/

Figure 4.5: Thermoplastic device kinetics experimental setup (right) and a close-up

view of the device (left).

Figure 4.6: Kinovea displacement analysis of the stator (blue) and platform (red).

44



4.4 Stator Micro-fabrication with DRIEed Si

After the thermoplastic stator problems, it was decided to be micro-machined
with Si substrate that is relatively harder with E,, above 160 GPa [89]. Because
the 2 mm thickness of the platform is relatively big, it is not suitable to be
produced by micro-fabrication. For this reason, it is made using Computer
Numerical Control (CNC) machine with 500 pm tolerance and the material
chosen for this is aluminum with £, = 69 GPa (figure 4.7). It is obvious that

the mechanical parts in contact should have stiffness nearly in the same range,

so the plastic micro-balls are replaced by silicon nitride ones (SizN,) that are

relatively stiffer (E,, = 310 GPa) [90].

LR T

F"-H

Figure 4.7: CNC machined aluminium platform

This change of materials necessitates a change in stator production tech-
niques. The developed fabrication flow is shown in figure 4.8 (the detailed
recipe is revealed in section C.1). First of all, 1.4 mm thick silicon wafer with
2 pm oxide coated with photoresist is treated with photo-lithography to deter-
mine the patterns of side trenches and coil columns (figure 4.8a). Next, oxide

wet etching and DRIE are performed to etch the trenches and coil columns to

45



ball trench coil post ball trench

j

contact pad contact pad

B photoresist [ oxide [0 sisubstrate [ a/Au
Figure 4.8: Stator fabrication flow using DRIE technique on Si substrate

a depth of 475 pm (figure 4.8b-c¢). The whole chip is coated again with oxide
by thermal evaporation technique and 50 nm chromium and 150 nm gold lay-
ers are formed with sputtering technique respectively. Lastly, lithography and
wet etching processes are used to determine the Cr/Au contact pads and the
production of the stator is completed (figure 4.8d). The wafer was produced in
UNAM-Bilkent University, it contains 28 stator prototypes as shown in figure
4.9a.

The wafer was partially diced (75%) prior to wire bonding trials and cleaned,
so it will be easy for separating the stators ships after winding phase by gently
pressing the wafer to be cracked straight thanks to silicon crystal structure.
After winding the coils, dicing is not doable because it is a coarse and dusty
process and could easily damage the coils wires. A single stator after dicing
before winding is shown in the zoomed view (b). It is observed that some gold
traces on the posts and inside the trenches are not etched away. This is due to
the uncleanable photoresist from these points that forms a protective film layer

during the wet etching process. The winding wire is insulated and the pads
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Figure 4.9: (a) micro-fabricated stators on 4” Si substrate, (b) a zoomed view of a
single stator and (c) a zoom on the stator bottom showing pad roughness.

are checked by electrical conductivity test showing that they are not shorted,
so these traces are not causing a problem for power generation. Finally, the
coil winding process was started.

As a result of several trials, it was observed that the coil was braking im-
mediately after the capillary contacts the pad for wire bonding (figure A.2c).
In order to find the cause of this condition, the pads were inspected under the
microscope and a rough surface is clearly observed as shown in the close-up
view in figure 4.9c. For further investigation, the pads were scanned under the
optical profilometer and the pads roughness is measured one of the samples is
displayed in figure 4.10 measuring a roughness of 13.52 pm. This roughness is
the result of DRIE process and it has been understood that the 150 nm gold
layer above this roughness was comparatively too thin to perform ball bonding
step. After discussions with Dr. Badilita and the graduate students working

in IMT cleanroom, it was concluded that the available wire bonder with its
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Figure 4.10: Surface roughness measurements of Au contact pads by optical pro-
filometer.

50 pm wire requires pads to be much thicker for a successful and strong wire
bonding, and this can be done with Au electroplating instead of thermal evap-
oration.

Electroplating on the same wafer at that moment was difficult given that
the pads are deep in the wafer which makes the process challenging, on the
other hand, starting over the same plan is not possible for the time limitation
to access facilities. Alternately, it was decided to start the fabrication with
the SU-8 structure on the Pyrex chip, which Dr. Badilita and his group used
frequently before.

4.5 Stator on Pyrex Glass Substrate

The alternative fabrication flow followed is summarized in figure 4.11 (for more

details, refer to the recipe in section C.2). The fabrication was started on 4”
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Figure 4.11: Stator fabrication flow based on Pyrex glass substrate.

Pyrex glass substrate of 500 pm thickness with 1pm oxide layer to enhance
bonding (figure 4.11a). A layer of 10 nm Cr and 50 nm Au were sputtered to
form the seed layer for electroplating (figure 4.11b). Next, the wafer was coated
with 25 pm thick SU-8 photo-resist, pre-baked and exposed to UV through the
mask than developed to form the Au pads openings (figure 4.11c). Gold then
was electroplated and photo-resist was stripped and the seed layer was etched
(figure 4.11d-e). The electroplated contact pads have 5pum thickness, which is
enough for strong wire bonding. A 350 pm layer of SU-8 is applied (figure
4.11f), and exposed to UV light then developed to form the first layer of the
stator (figure 4.11g). The same process is repeated with 400 pm photo-resist

to form the trenches and the second layer of coil post (figure 4.11h), using
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SU-8 instead of DRIE was advantageous to set the trench depth and the coils
height independently. Figure 4.12a presents a zoomed view of the produced

wafer showing four stators after partial dicing. The first successful winding

Figure 4.12: A zoomed view of the stators produced on Pyrex substrate (a), and a
successful two turns coil made on square post (b).

experiment on a single post completed a coil with two turns as shown in fig-
ure 4.12b. However, during coil winding, it was observed that the corners of
square columns cause wire breakage very often, or column deformity when the
capillary is moving. In fact, it disrupts the reproducibility of the coils for more
successful prototypes. For this reason, the stator design was updated to the
geometry mentioned in section 3.4 where the coil post is cylindrical with a
diameter of 2mm. After this change, the same fabrication flow with updated
photo-masks was performed and the coils could be produced without any prob-
lems. An example of a stator with 14 turns per coil is shown in figure 4.13.
The target number of turns in the initial stage of the project was set at 100.
It was foreseen that the same column could be achieved by winding the wire
up and down more than once, experiments results showed that the number of
windings is limited by the number of coordinates. In order for each winding to
be mechanically risk-free, at least 3 coordinates must be entered (figure A.3),
and this yields 300 coordinates for 100 turns. This number has been seen to
exceed the capacity of the wire bonding device. Using more points to produce

fine cylinder shape has limited the number of turns for our column geometry
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Figure 4.13: A sample of stator with 14 turns per coil on cylindrical posts.

to a maximum of 14 for 50 pm wire thickness, taking into account the warnings
of the device’s risk of deterioration. Prospective solutions for increasing the
number of windings are described for future work in chapter 6. Coils produc-
tion from copper was a necessity because the same institution used copper wire
instead of gold during the project. Since copper resistivity is lower than gold,
this change has been seen advantageous in the context of device performance.

After finishing winding, some of SU-8 layers detach from the Pyrex sub-
strate after it cools down. It is understood that the reason for this is the great
difference between the temperature extension coefficients of the Pyrex sub-
strate and the SU-8 polymer, and that this difference leads to weak adhesion
between the two materials, some unbroken stators that pass to voltage tests,
do not withstand repetitive vibrations sometimes that causes the coil columns
to break off from the substrate. For this reason, it is finally decided to use
a silicon substrate which has reported to have stronger adhesion with SU-8

compared to Pyrex [83].
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Figure 4.14: Fabrication flow of the stators using Si substrate: coating with Cr/Au
seed layer(a) and pads pattern creation and electroplating (b-c), then, development
and seed layer etching (d). The SU-8 layers patterning to form columns and trenches
(e-f) and coil winding with copper (g).

4.6 Stators on Silicon Substrate

The fabrication flow to produce the final prototypes is illustrated in figure 4.14,
a detailed recipe is presented in section C.3. Starting with 4” silicon wafer with
500 pm thickness, it was coated with a seed layer of 20 nm chromium and 60 nm
gold respectively (figure 4.14a). The surface was coated with 25pm SU-8,
patterned with UV exposure and developed to form the pads openings (figure
4.14b). In the next step, the gold was electroplated (figure 4.14c) and the
seed layer was etched away resulting 5pum thick contact pads (figure 4.14d).
In order to increase the adhesion of columns and trenches to the substrate,
a 25 pm adhesion layer of SU-8 was added to the wafer and exposed to UV
light (figure 4.14e), then, an additional 450 pm thick layer is patterned to
form the trenches and columns layers (figure 4.14f). Finally, the wafer was
partially diced and underwent the winding process using 25 pm copper wire,
polyurethane droplets were added to fix the windings and to prevent the wire
from leaving the post when the stator experiences vibration during tests (figure
4.14g).

It was not possible to use 50 pm wire in this stage and was changed with
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conformity to the wire bonder regulations, changing the wire type requires
several modifications in the machine settings for about seven days of wire
bonding tests before it starts working properly, and this affects other projects
that were using the machine at that time. A package of Poly-Lactic Acid
(PLA), a biocompatible material [91] was fabricated using 3D printer to tighten
the device parts for the tests. The package is made with side openings in this
stage to observe the platform motion in the tests. A view of the packaged

device is shown in figure 4.16.

4.7 Stator Initial Characterization

The purpose of these measurements is to determine the resistance Ry, capaci-
tance Cy and inductance L, values of the stator coils as shown in figure 4.17.
For a stator made with 14 turns of 50 pm copper, L,, Ry and Cy of the three
coils is measured to be in the range 378-423 nH, 2.6 2 and 10.4 pF, respectively.
for the silicon stators where the coils are of 25 pm copper wire with 13 turns
the total device resistance was measured 20 (2. As assumed in the theoretical
calculations, the measured inductance value is negligible, and the measured
resistances are near to the theoretical values in section 3.4.

The schematic circuit shown in figure 4.18 was implemented to show the

Figure 4.15: A zoomed view on the Si wafer showing a stator after partial dicing
(a), and a single stator wound with 13 turns per coil (b).
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Figure 4.16: The whole harvester packaged in PLA, an opening from the side to
observe the platform in tests, and from the front for connection wires.

response of the stator at high frequencies, the resistance R1 has the same re-
sistance as the stator was connected in series and an AC signal was applied
with different frequencies, the oscilloscope was connected to display the stator
and R1 voltages.

Two examples of applied signals at frequencies 1 KHz and 250 MHz are
shown in figure 4.19, comparing the voltage of R1 (in blue) and the stator
voltage (yellow) showed that the two voltages are in phase at 1 KHz (top),
as the excitation frequency was increased to 40 MHz, the phase difference be-
comes observable (bottom), which is far above the voltage generated by the

harvester from daily human being activities.
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Figure 4.17: Stator characterization setup: (a) capacitance measurement, and (b)
inductance and resistance measurement (values shown here are for 7 turns sample).

stator

Figure 4.18: Stator high frequency response circuit.
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Figure 4.19: Stator voltage in yellow and R1 voltage in blue on the oscilloscope
when applying a source signal at 1 KHz (top) and 40 MHz (bottom).
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Chapter 5

Harvester Testing, Results &

Discussion

This chapter is about kinetic tests of the platform to determine friction force,
and voltage and power delivery tests of the generator. The device was tested
on a linear shaker for different frequencies than tested on a wristband for some

daily activities. Performance results are detailed and discussed here.

5.1 Device Motion tests

This test, was performed to determine the platform relative displacement and
to extract its velocity than acceleration and friction force calculation. Test
setup used for this was the same as shown in figure 4.5. Here, a single stator
was fixed on the shaker, then, micro-balls and platform were placed in order.
When the shaker moves forward and backward, together with the stator, the

platform stays relatively constant in reference to the ground, creating a relative
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motion between the platform and the stator. The peak-to-peak amplitude of
vibration is limited by the shaker to 2 cm, while the frequency is adjustable.
The platform response was observed at 2.67 Hz (160 rpm). This motion has

been recorded with the HFR camera, and analyzed using Kinovea (figure 4.6).
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Figure 5.1: Kinetic tests for a single stator: (a) displacement of stator, platform

and relative displacement vs. time, and (b) platform relative speed vs. time.
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The graph in figure 5.1a shows the displacement of the stator in blue and for
the platform in black, both have a total displacement of 2 cm. The difference
of the two components gives the relative platform displacement sketched in red
It is clear that the total relative displacement is about 2.5 mm, that is exactly
the same as the value from theory mentioned in section 3.1.

The platform movement happened at the ends of motion i.e when motion
direction of the stator was changed. The platform remains almost in stationary
in the middle, this due to the fact that the 2 cm shaker fixed amplitude was
large and could not be decreased. The same remark can be seen in the plat-
form relative velocity numerically derived from displacement shown in figure
5.1b, where the velocity picks happened in the edges. The maximum platform
relative velocity was found to be 5.8 cm/s.

Deceleration of the platform a, is caused by the friction force f;. For plat-
form mass M, the friction is f; = M,.a,. From the velocity graph (figure
5.1b), a, = 1.7m/s* and M,, is measured on precision scale 0.35g, hence fric-
tion of the platform with one stator is 0.595 x 1072N, that is approximately
1.2mN for two stators. This can be understood as the minimum force to be
applied to the device in order for the platform to move and voltage generation

occurs.

5.2 Voltage & Power Generation Test Setup

In this tests as shown in figure 5.2, the HFR camera was used, as before, to
observe the platform displacement. On the shaker, the device was placed and
its terminals were wired to analog inputs of DAQ data acquisition card from
National Instruments”. The DAQ card was connected to LabVIEW software
with data sampling rate set to 400 KHz to analyze, display and save -in real

time- the acquired voltage signal and its spectrum (top right and left graphs
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-
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Figure 5.2: Stator characterization setup: (a) capacitance measurements, and (b)
inductance and resistance measurements (values shown here are for 7 turns sample).

respectively shown in figure 5.3). The DAQ card was tested with a signal
generator beforehand and showed high sensitivity and accuracy which is good
to measure small voltages down to few mVs as shown in the figure. That is

why it is chosen for micro-generator testing.
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Figure 5.4: Part of the developed block diagram of LabVIEW showing the consumer
loop for voltage and spectrum analysis.

The developed LabVIEW program with block diagrams contains mainly two
consumer loops. The first one includes a part for voltage signal acquisition and
display and another part to calculate fast Fourier transform (FFT) and display
the frequency spectrum as shown in figure 5.4. The other consumer loop is for
data logging (not shown in the figure) which is responsible for saving collected

numerical data into files.

5.3 Open Circuit Voltage Tests

The shaker frequency was gradually increased from zero and reached 160 rpm

(2.67 Hz). At this frequency, the first open circuit voltage signal (V,.) was
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Figure 5.5: The first V,. signal recorded by LabVIEW at 2.67 Hz frequency.

obtained from a single stator. V,. waveform recorded by LabVIEW from is
shown in figure 5.5. It is clear that the signal has ripples of noise and this is
caused by surrounding higher frequency signals that interfere with the stator
signal as seen in top graph in figure 5.6. Since the generator voltage is in
low frequency range with first harmonic at 2.67 Hz, the recorded signal data
was entered to MATLAB for filtering and all frequencies above 50 Hz (main
power line frequency) were eliminated. The filtered voltage signal is shown in
the bottom graph in figure 5.6. The results show that the peak open circuit
voltage induced by a single stator of 12 turns per coil is 1.05 mV (2.1 mV
for two stators) at 2.67 Hz frequency. The voltage waveform behaves like
short pulses rather than sinusoidal. This agrees with velocity results discussed
in section 5.1 since voltage generation happens when velocity changes at the
edges of device motion. This voltage is around 43% of 4.84 mV, the value

calculated using equation 3.17. These initial results were published in [67].
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Figure 5.6: OC voltage spectrum with a 2.67 Hz fundamental frequency (top) and
the OC voltage after filtering out noise above 50 Hz.

There are couple of reasons for such difference. The wire bonder starts wind-
ing at 100 pm height above the column base, also the last turns height was kept

below the column height for the sake of mechanical stability (clearly seen in
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figure 4.13). This makes the effective coil height less than the column, hence,
the flux density through the micro-coil volume is less. In addition, this micro-
coils height makes the actual distance to platform surface dpg bigger than the
50 pm determined in device design stage. This measured to be about 200 pm,
this implies that magnetic flux density on coils surface is less. Another reason
for such discrepancy would be the magnets magnetization that decreases near
the magnets edges leading to a weak magnetization in the boundaries. As a
result, the average magnetic flux density through the coils decreases.

The above results were obtained from the Pyrex glass sample, that did not
withstand shaking tests due to the structure adhesion issues mentioned in sec-
tion 4.5. The only successful test was for a single frequency, also, cleaving the
wafer to separate stators was not easy due to glass crystal structure and the
cracks dispersed roughly destroying structures. This is the reason why these
voltage results are for a single device. In addition to strong adhesion fulfilled
after moving to silicon substrate plan, the crystal structure of silicon was ad-
vantageous for separating stators. Two stators were connected in series and
a full device was assembled with PLA package as shown in figure 4.16. This
stable structure offered a wide range of voltage and power tests with more
frequencies.  In figure 5.7, an example of the packaged device open circuit
voltage with the shaker actuation frequency set to 5.67 Hz. At this frequency,
the generator was able to induce 12.55 mV peak-to-peak voltage. In order to
observe the voltage generation with respect to the actuation frequency, the
shaker frequency was increased gradually, and voltage data was collected at
each step. The produced peak voltage at each frequency is shown in figure 5.8.
Here, it is observed that the peak voltage and actuation frequency relationship
is linear using a fitted regression line with R?=0.9941. The maximum open
circuit voltage amplitude obtained on shaker test is 6.25mV when the device
is moving at 5.83 Hz. Experiments were not performed at frequencies higher

than 5.83 Hz, as it was observed that the device was not fully stationary when
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Figure 5.7: V,. signal of the packaged device at 5.67 Hz shaker frequency.

the shaker frequency was increased further. At this point, a prediction has
been made about how much voltage the device will produce at 1 m/s. For
inducing half cycle of voltage (one peak), the platform moves a total distance
d = 2.5mm from edge to edge in time ¢, the average speed will be v = d/t. In
figure 5.7, t is found from the graph 0.029s, hence v = 0.086 m/s, at frequency
of 5.67Hz. Considering the linear relationship between speed and frequency,
it can be said that a speed of 1 m/s can be reached at a frequency of about
65.93 Hz. Plugging this result in the regression line equation of figure 5.8, the
peak open circuit voltage induced by the generator is 0.1 V at platform speed
of Im/s.
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Figure 5.8: V. signal of the packaged device for a range of shaker frequencies.

5.4 Power Generation Tests

In these tests, a variable resistor was connected as a load to the harvester in
parallel. The shaker frequency was set to 4 Hz (40 rpm), and the resistor was
changed and the voltage was obtained at each step. The voltage data was
recorded than RMS power P,,,, was extracted from the equation P,,,s = %,
where Vz and R are the load recorded peak voltage and the load resistance,
respectively. Figure 5.9 shows the RMS power that corresponds to each load
resistance value. The power value is increasing to a maximum value of 0.1 pW
at 20 €2 load resistance then decreases for higher resistances. As expected from
maximum power transfer theorem (equation 3.4), the maximum power was
delivered when the load matches the stator resistance, that is measured 20 €2
(section 4.7).

After determining the value of the resistance at which maximum power was

obtained, the change of the transmitted power with respect to the frequency

was examined. During this test, the connected load was fixed to the matching
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20€2, and the voltage on the load was measured at different frequencies. In
figure 5.10, an example of a voltage signal recorded at the matching load when
the shaker frequency was set to 7.17 Hz (430 rpm). The peak load voltage
recorded was 3.71mV.
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Figure 5.9: RMS power delivered by the generator to a variable load at 4 Hz.
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Figure 5.10: Voltage delivered by the device at 20 matching load at 7.17 Hz

shaker frequency.
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The transmitted RMS power was calculated from voltage data, the results
obtained are shown in Figure 5.11. The voltage is linearly related to the fre-
quency, and power is related to voltage squared, hence, power to frequency
data can be fitted using polynomial regression. The blue dashed line expresses
the polynomial regression with coefficient R? = 0.9862. The black dashed line
expresses the best polynomial regression fit with R? = 0.9977, Although it
contains a linear term, it was used to predict power at 1m/s. The maximum
frequency reached in this test was 7.17 Hz. At this frequency, the delivered
power was found to be 0.33pW. The average speed of the platform from
the graph in Figure 5.10 was calculated as before and it was found to be
0.1m/s. Assuming the linear relationship between frequency and speed, 1 m/s
corresponds to 71.7 Hz frequency. This value was plugged in the polynomial
equation and the power delivered by the generator to the matching load at
this speed was found to be 11 pW.

Taking the frequency 5.83 Hz as example which corresponds to platform
speed of 0.081 m/s, plugging this velocity in equation 3.17 with N = 13 coil
turns of the tested device, the resulting voltage is 7.32 mV, from the graph
in figure 5.8, the voltage is 6.25 mV with 14% error. Substituting 7.32 mV in
equation 3.4 (Z = 20 Q), the RMS power theoretically is 0.33 nW. The gen-
erator at frequency 5.83 Hz in figure 5.10 delivered an RMS power of 0.23 pW
with 30% error. In addition to stator-to-platform gap distance and coils height
effect on the results as mentioned previously, the difference in power is due to

the power loss in connection wires resistance.
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Figure 5.11: RMS delivered power to 202 matching load for a range of shaker

frequencies.

5.5 Device on Wristband Testing

The packaged micro-harvester was embedded in a wristband, as shown in fig-
ure 5.12, in order to investigate generation performance from some daily body
activities. The device was connected to DAQ card with long wires, and the
volunteer has worn the wristband during walking and running. The arm move-
ments were driving the generator and voltage data was recorded. The test was

done for open voltage and power generation acquisition.
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Figure 5.12: The packaged device attached to a wristband worn for testing.

As shown in figure 5.13, the maximum open circuit voltage measured during
walking was measured as 4.4 mV. In addition, the peak power transferred to
the resistor using the data in figure 5.14 is calculated as 0.14 pW. During
walking, the arm and wrist move forward and backward in 50 cm peak to peak
amplitude at about 1 Hz, and in the middle of this harmonic movement, the
wrist reaches a speed of about 0.9 m/s when passing through the waist line.
However, as already mentioned, the platform was moving suddenly and impul-
sively on both ends of the movement only because the movement amplitude is
high. On the other hand, the platform moves at a relatively low speed when
the arm is in 45° position with respect to the body. The duration of one peak
voltage is 0.0383 s, generated for the platform displacement of 2.5 mm, yields
to 0.065 m/s speed, considering speed-frequency linear relation, this speed cor-
responds to 4.3 Hz. At this frequency, the generated voltage is 4.24 mV and
power is 0.13 pW using regression line equation of open circuit voltage and
polynomial regression equation power, respectively, hence, the speed, voltage

and power values obtained during walking are within expectations.
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Figure 5.13: Open circuit Voltage induced by the generator on wristband during
walking activity.
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Figure 5.14: Voltage signal at 20 Q2 load during walking activity.

In the activity of running tests, as expected, higher values were obtained

compared to walking. The maximum open circuit voltage recorded was 6.85
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mV as shown in figure 5.15, and the power transferred to 20 Q) resistor was

calculated as 0.2 pW from voltage data displayed in figure 5.16.
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Figure 5.15: Open circuit voltage provided by the device during running activity.
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Figure 5.16: Voltage signal at 20 Q) load during running activity.
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The average speed of the platform is calculated to be 0.1 m/s, which cor-
responds to 7 Hz. From regression equations, the voltage is 8.7 mV and
the delivered power is 0.32 pW. By comparison, these values once again are
agreeably in the range of the test results. Another activity that involves the
wrist movement is the activity of erasing with a rubber, to name but a few. It
was taken as an example to actuate the device in the bracelet for generation,
the rubber was being moved by the the volunteer in about 4 cm amplitude.
In figure 5.17, the maximum open circuit voltage recorded was 5.73 mV with
0.093m/s average speed, and a delivered power of 0.17 pW to the match-
ing load was calculated from the graph in figure 5.17. The corresponding
frequency for such speed is 6.13 Hz and the voltage and power found from
regression equations are 6.9 mV and 0.27 pW, respectively.

It was planned at the beginning of the project to test the micro-harvester
for battery charging. However, these performance values were limited by the
shaker speed bellow 1m/s and coils number of turns, both reasons were out
of control. These results at this stage are bellow the requirements to operate
the rectifier or the charge pump circuit for battery charging, nevertheless, a
technique is suggested as future work to increase the coil number turns with a

CMOS AC-DC charging interface in chapter 6.
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Figure 5.17: Open circuit voltage provided by the device during the activity of

using a rubber.
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Figure 5.18: Voltage recorded at 202 load during the activity of using a rubber.
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Chapter 6

Conclusion and Future Work

The micro-energy harvester developed within the scope of the project was
successfully developed and tested. Tests applied by fixing the device to the
linear shaker produced 6.25 mV open circuit voltage and 0.33pW power.
Furthermore, in the analyzes made using the obtained data, it was calculated
that these values would reach 0.1 V and 11 pW when the platform reaches 1
m/s speed. All these results were found to be consistent with the analysis and
simulations on the performance of the device. By integrating the generator
into a wristband, electricity is produced during walking and running. During
walking, open circuit voltage of 4.4 mV and 0.14 pW of power were reached,
while open circuit voltage of 6.85 mV and power of 0.2 W were reached dur-
ing running. Prior to these performance results, several modifications in the
device design were made in parallel with tests to reach the desired structure,
also the materials used to fabricate the device prototypes were improved to
reach a successful winding on the micro-coils and to insure device stability
as well. Accordingly, the related fabrication techniques were updated at each

phase.
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Although the device has been proven to work as intended and can produce
power in the microwatt range, it is possible to improve device performance with
some modifications to the design and test. Two important factors were found
to be effective in achieving higher voltage and power values after experiments,
namely high number of turns and high platform speeds. At the beginning of
the project, the number of windings targeted could not be reached due to the
limitations caused by the wire bonding machine and coils stability issues as
mentioned earlier. At this point an alternative option has been developed. In
this work, the micro-coils were wrapped only once (single layer of turns) for
each micro-coil.

Another alternative is proposed as a future work in figure 6.1, for simplicity,
only two columns of a stator are represented. The single contact pad is divided
into four small pads A, B, C and D. The capillary makes the first coil winding
starting from pad A and follows a counter clockwise trajectory around the left
column, then ends with a wedge on the pad B. In the same way, the second
coil is wound from pad B to pad C, identically, pads C and D will be terminals
for a third coil, finally a fourth coil starts from pad D and finishes at pad E.
Similarly, other four coils are made around the middle column starting from
pad E but in the clockwise direction. On this count, the columns overall coils

are connected in series. In this way the maximum number of turns per column

o

(@]

>

Figure 6.1: Suggested column multi-winding to increase the voltage by four folds.
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could be increased to 56, therefore, the total obtained voltage and delivered
power will be increased by four folds. Our work with the group in Germany
continues in this direction.

The second factor limiting the production of voltage and power is the rela-
tive low speed between the platform and the stator. It is predicted that the
speeds of 1 m/s can be reached in the estimations made before the experiments.
However, the maximum was 0.1 m/s in running tests in conditions similar to
actual operating conditions. Hence, about 10 times lower speed levels have
been observed. The use of a linear shaker device that can be reduced to 2.5
mm in amplitude on the test setup and the frequency can be increased to 100
Hz can be tested to see how the device behaves at such speed. In addition,
this much speed can be obtained at different parts of the body moving in an
impulsive manner with small amplitudes.

Following the implementation of these suggestions, the device will be ready
for battery charging tests. An interface to regulate the voltage can be used
then, such as the 0.25mm? AC-DC converter circuit based on CMOS tech-
nology reported by Herbawe et al. which is capable of converting sub-1V
amplitude voltage signal with low frequency as 5 Hz at 94% efficiency [92]. By
doing so and fully packaging the device in vacuum, it will be ready for im-
plantation to a test animal for performing in vivo tests to power an implanted

pacemaker.
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Appendix A

3D Coils Winding Process

At the beginning, data base of all measurements are entered into Matlab code
including pad size, posts dimensions, inter-distances...etc. and the program
outputs the coordinates data, which are fed into the wire bonder software.
The wafer is initially installed on the perforated pad, that holds the wafer by
vacuum and pre-heats the substrate before bonding process. A picture of a
wafer under wire-bonding process is shown in figure A.1. The steps to perform

a complete coil winding are:

1- Ball bonding:

- A ball bond tool implements a thermo-compression bond by pressing
heated gold/copper balls onto metallized pads.

- The thermosonic ball bond process begins with an electric discharge to
melt the wire and produce a ball at the exposed wire end (see figure
A.2a-b).

- The capillary descends onto the pad, pressing the gold ball into bonding

with the bond pad, ultrasonic energy is simultaneously applied (c).
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Figure A.1: A wafer under the wire bonder during process.

2- Coil winding:

- The capillary then rises and the wire is fed out by opening the clamp as
shown in (d).
- The capillary moves by following the coil trajectory x, y and z coordinates

provided to the bonding machine software.
3- Wedge bonding:

- The capillary is lowered again, deforming the wire against the final pad
to shape a wedge (e).
- As the capillary rises, the clamp closes onto the wire, causing it to break

immediately above the stitch bond (f).

As shown in figure A.3, the coil can be formed with a minimum of 3 points for
a single winding, using more coordinates will result in a fine cylindrical shape

but limits the maximum number of turns.

92



] (d) N
]z— Wire clamp closed  Wire clamp open-ﬁ—:D ['r—_i

< Bonding wire

(a) [
Capillary cross-section Capillary moves
to location of
second bond

=—— Electronic flame-off

iy

_— Bonding pad

Electric arc Substrate or board

Electric arc
cuts wire

{[ % (e} .._:D ; D:_..

L

Bonding pad

Substrate or board / Substrate or board

Second metrailurgit:aF band
- (heat, force & ultrasonics®)
Ball formation due gc

to surface tension
(ball still soft)

End of wire falls away

W
© i Wire clamp closed —,EI:‘-]_P

Metallurgical bond
{heat, force & ultrasonics®)

Thinned edge
— Bonding pad of second bond
Substrate or board Bonding pad
* Thermosenic ball bonding only Substrate or board

Figure A.2: Wire bonding process illustrating the three phases starting from ball
bonding (a-c) then coil winding (d) and finishing with wedge bonding on the final
pad (e-f).
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(b)

Figure A.3: Winding wire trajectory: (a) the resulting coil using minimum number
of 3 points per turn and (b) a complete cylindrical coil generated using more points

per turn.
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Appendix B

Commercial Bio-implants and

materials

B.1 Spinal Cord Stimulator

Spinal cord stimulation is a therapy that prevents pain signals from reach-
ing the brain, it is implanted in the body to deliver electrical pulses to the
spinal cord. It helps patients better manage their chronic pain symptoms and

decrease the daily usage of medications.
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Precision Spectra™ spinal cord stimulation system:

-Case material: Titanium Stimulation
-Header material : epoxy ON
-Strain relief material: Silicon

-Size: 55x45x11 mm (including header)
-Charging method : wireless

=
—

Figure B.1: Spinal cord stimulation system specifications (from https:

//www.bostonscientific.com/content/dam/Manuals/us/current-rev-en/

91057051-01RevA_Precision_Spectra_IPG_DFU_en-US_S.pdf).

B.2 Ventricular Assist Device

A ventricular assist device (VAD), also known as a mechanical circulatory

support, they are mechanical pumps implanted to help circulating blood from

the lower heart chambers (the ventricles) to the body, it is used in people who

have weakened hearts or heart failure.


https://www.bostonscientific.com/content/dam/Manuals/us/current-rev-en/91057051-01RevA_Precision_Spectra_IPG_DFU_en-US_S.pdf
https://www.bostonscientific.com/content/dam/Manuals/us/current-rev-en/91057051-01RevA_Precision_Spectra_IPG_DFU_en-US_S.pdf
https://www.bostonscientific.com/content/dam/Manuals/us/current-rev-en/91057051-01RevA_Precision_Spectra_IPG_DFU_en-US_S.pdf

Pump

Mass (or weight) 160g
Volume 50cc
Materials Titanium, Titanium Nitride, PEEK® and ceramic
Outflow Graft Gel impregnated polyester graft
Length 60cm
Diameter (or size) 10mm
Materials Gelatin sealed polyester
Strain Relief
Material PEEK®, titanium !
Driveline E
Length 119cm
Diameter 4.8mm / .
Materials ETFE (Ethylene tetrafluoroethylene) PTFE coated MP35N DFT wire in a
silicone inner sleeve with a polyurethane outer sleeve along with a
polyester sleeve
Sewing Ring
Materials Titanium, polyester

Figure B.2: HVAD® ventricular assist pump specifications

B.3 Pacemakers

A pacemaker is a small device that is placed in the chest or abdomen to help
control abnormal heart rhythms. It uses electrical pulses to prompt the heart
to beat at a normal rate. Pacemakers are used to treat arrhythmias, they are
problems with the rate or rhythm of the heartbeat during which, the heart can

beat too fast, too slow, or with an irregular rhythm.

Atrial Connector

Polyurithane
Defibrillation Protection
Output Capacitors
Hybrid
Reed (Magnet) Switch
Telemetry Antenna
Titanium

Figure B.3: Overview of pacemaker components, the packaging bio-material of each

part is indicated on the left.
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APEX Model DDD4000+:
-Dimensions: 47 X 55 X 8.5 mm
-Mass: 42 g

-Battery: Lithium-lodine WG 8077
-Service life: 6 years and 10 months

TEROS SERIES / Model SSIR 603:
-Dimensions: 53 x 40.5 x 7.5 mm
-Mass:. 25.1 gr

-Battery: Lithium lodine WG 8711
-Service life: 6.1 years

LD PACE II:

-Dimensions: 47 x 64 x 11.5 mm

-Mass: 53 ¢

-Battery: Lithium-Carbone Monofluoride WG9086
-Service life: 8 to 10 years

Figure B.4: Different pacemakers models with specifications (from http://www.
ccc.com.uy/pacemaker/products.htm).
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Appendix C

Micro-fabrication Recipes

C.1 Stator of DRIEed Si Substrate

This micro-fabrication was started by using 4” silicon wafer with 1.4 mm thick-
ness covered with SiO,.
1- SiO, etching:

- Lithography: AZ9260, wet etching using BOE (70-80 min)

2- Si etching:

AZ9260 photoresist 15 pm

Cleaning: Acetone 10 min, Isopropanol 5 min

Spin coating: HMDS: 40 sec 4000 rpm 2000 rpm/sec, AZ9260: 3 sec 300

rpm 1000 rpm/sec, 80 sec 900 rpm 1500 rpm/sec
Soft bake: 110°C 8 min

- UV exposure: 1500 mJ/cm?
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- Developer: AZ400K Deionized water 1:4 8 min

- DRIE cycle: gases: SFg 125 sccm, O4 13 scem, power: coil 600W, platen
20W, cycle time 10 sec

- Passivation cycle: gases: C4Fg 80 sccm, power: Coil 600W, Platen 20W
3- Gold deposition:

- Thermal evaporation deposition: chromium 50 nm, gold 150 nm

- Gold etching: AZ5214 lithography, wet etching in diluted aqua regia
(3HCL:1 HNO3:2 HyO) 20 sec

- Photolithography with IR5214 (1.4 m)

- Cleaning: Acetone 10 min Isopropanol 5 min

- Spin coating: AZ5214 40 sec 4000 rpm 2000 rpm/sec
- Soft bake: 110°C 75 sec

- UV exposure: 30 mJ/cm?

- Reversal bake: 120°C 75 sec

- Flood exposure: 250 mJ/cm?

- Developer: AZ726 MIF 40 sec

C.2 Stators on Pyrex Wafer

In this fabrication, the wafer was Pyrex glass with 500 pm thickness, coated

with 10 nm and 50 nm layers of chromium and gold, respectively.

1- Gold contact pads:

- RIE: 10 min 400 mTorr 200 W
- Dehydration bake: 200°C 1 min, cool down

100



Spin coat: SU-8 3025, Spin-Parameter: [s rpm/s rpm]| 15 100 500 and 40
300 3000

Soft bake: 13 min 95°C

UV Exposure: Mask aligner Mask: Hacene: 370mJ/cm?

Post-exposure bake: @95°C for 3 minutes

Development: 1. Old PGMEA 30min 2. New PGMEA 60 min 3.

Isopropanol 30 min

RIE Program: Standard descum 5 min. Oxygen plasma
Electroplating: Area 6.2 cm, Thickness 5 m

Stripping: duration 25 min, temperature 22 °C, power 1200 W
Au etching

Cr etching

Columns and trenches structures:

Dehydration bake: 200°C 1 min

Spin coating: 4 ml SU8, thickness 350m,
Exposure

Post bake exposure

Coating 4.5 ml SUS8, thickness 400pm, exposure, PEB and development

Micro-coils wirebonding:

Partial dicing: 75%
Wire type: Cu, thickness: 50pm
Performed stators: [N:stators] 14:7 13:1 12:1 11:1 10:1
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C.3 Stators on Silicon Wafer

In this fabrication, the wafer was made of silicon with 500 pm thickness, coated

with 20 nm and 60 nm layers of chromium and gold, respectively.

1-

Gold contact pads:

RIE 10 min 400 mTorr 200 W

Dehydration bake 200 °C 1 min Cool down

BAR-Li II baking 1 min @ 200 °C, spin parameter [s rpm/s rpm| 10 100
500 and 30 300 3000

Spin coat with SU-8 3025 [s rpm/s rpm| 15 100 500 and 40 300 3000
Soft bake: 13 min @ 95 °C

UV Exposure am Mask: Hacene: 400 mJ/cm?

Post exposure bake: 4 min @ 95 °C

Development: Old PGMEA 30min, New PGMEA 60min, Isopropanol

30min

RIE: 5 min

Program: standard descum 5 min Oxygen plasma
Electroplating: Area 6.2 cm, Thickness Spm

Stripping: duration 25 min, temperature 22 °C, power 1200 W
Acetone+ ISO+ DI water cleaning

Au etching

Cr etching

Columns and trenches structures:

- Dehydration bake: 200 °C 1 min
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sacrificial layer (protection of pads) spin coat: AZ 4533 [s rpm/s rpm]
15 100 500 and 60 300 4000

Softbake: 5 min @ 95 °C

UV exposure mask: Hacenepads: 120 mJ/cm?
Development: AZ 726 MIF 60 s

Dehydration bake: 120 °C 1min

Spin coat: SU-8 3025 (Adhesion layer), [s rpm/s rpm] 15 100 500 and 40
300 3000

Soft bake: 13 min @ 95 °C

UV Exposure: mask Hacene pads, 400mJ/cm?

Post exposure bake: @ 95 °C 4 min

Spin coat: 3.5 ml SU-8

Soft bake 95 °C, Hotplate (2.5 h). Cool down to room temperature 4 h
UV exposure: 800 mJ/cm? using 10 s gap between multiple exposures
Post exposure bake: hotplate using special PEB cycle

Spin coat: 4.5 ml SU-8

Soft bake: 95°C, hotplate 3 h, cool down to room temperature in 4 h
UV exposure 1500 mJem? using 10 s gap between multiple exposures
Post exposure bake: hotplate using special PEB cycle (over 8 h)
Development of resist: PGMEA (fresh) 1h, rinse again in fresh PGMEA

15 min
A7 resist removal: acetone 5 min

Sentech oxygen plasma cleaning: 30 min

Micro-coils wire bonding:

- Partial dicing: 75%

- Wire type: Cu, thickness: 25 pm
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- Performed stators: [N:stators] 13:20

- Coil protection layer: polyurethane
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