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Abstract
Charge Pumping with Human Capacitance for Body Energy Harvesting
by
Alyssa Y. Zhou
Doctor of Philosophy in Electrical Engineering and Computer Sciences
University of California, Berkeley

Professor Michel M. Maharbiz, Chair

The proliferation of Internet-of-Things (IoT) systems and human body sensors is rapidly
transforming the way we interact with our surroundings. As these devices increase in number
and longevity, there grows a critical need to find sustainable and convenient power sources.
Shrinking consumer electronics have generated a demand for battery-less power sources for
some applications. Significant interest in studying energy harvesting techniques exists as
a solution to power these devices. In particular for interactive electronics meant to exist
on and around the human body, kinetic energy of human movement is a popular energy
scavenging source.

This dissertation presents an electrostatic, charge-pumping energy harvesting system capa-
ble of scavenging energy from capacitive changes induced by the human body. As is well
known for touchscreen devices, the proximity of a finger alters the effective value of small
capacitances. These capacitance changes drive a current which is rectified to charge an en-
ergy storage component. This technology is fabricated in a standard CMOS process, and
is also compatible with other mediums such as printed circuit boards, conductive fabrics,
and paper. These systems transduce the kinetic energy of a human finger tap to electrical
energy in the range of pico- to nano- joules, depending on the size, material, and design
of the capacitive touch-sensing electrodes. We highlight the harvester’s ability to power
low-power applications such as light-emitting diodes and ring oscillators. This system illus-
trates one solution for powering the growing number of electronic devices with on-demand,
user-generated interactive human movement.
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Chapter 1

Introduction

The internet of things has the
potential to change the world,
just as the internet did, maybe
more So.

Kevin Ashton

1.1 Motivation: Internet of Things and Wearables

The ”Internet of Things (IoT)” was first termed by Kevin Ashton in a Procter & Gamble
report from 1998, when the phrase mainly referred to RFID tags on commercial products
to help aid in tracking inventory. Since then, the revolution of IoT has found its way into
numerous applications including smart homes, environmental monitoring, transportation,
commercial goods, lifestyle tracking, and healthcare [55, 41, 66]. IoT devices have pro-
liferated in recent years and reports predict the industry to continue to grow reaching 75
billion connected devices in 2025 [28]. The importance of these devices is further supported
by a predicted 25% compound annual growth rate in revenue, with the industry reaching
an estimated global market size of US$1.1 trillion by 2026 [65]. Figure 1.1 illustrates this
growing trend and the significant impact these devices will have on our economy and ev-
eryday lives. This boom has been fueled by technological advances, allowing for significant
reductions in cost, size, and power consumption of electronics [108], coupled with increasing
decentralizaiton of sensing and computer systems [157].

A perennial obstacle to realizing the deployment of these devices is power. As a significant
subset of [oT devices move towards wearables and portable electronics, wiring all nodes to
the power grid becomes cost prohibitive and functionally inconvenient[66]. As such, many
existing [oT devices are designed to be run off of batteries, but there are limitations associated
with relying on batteries alone [105]. For many years, electronics followed Moore’s Law by
doubling in number of components on a chip about every two years. This allowed devices
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Figure 1.1: Global IoT trend forecast from 2015 to 2025 for number of devices and market
size. (Adapted from [28, 65])

such as sensors, actuators, and wireless nodes to grow in complexity while decreasing in size
and cost. However, battery densities during this time lagged substantially, only doubling
approximately every ten years [138]. Although new and innovative battery chemistries are
improving power densities, there still exists limits to a battery’s capacity, longevity, and
size. Figure 1.2 shows a brief survey of current energy density for a variety of common
battery chemistries. This figure offers general guidance of how large a battery would need
to be to provide a certain amount of energy for a device. As IoT devices trend smaller in
size, especially in the application space of healthcare trackers and implants, batteries will
begin to become the limiting size factor [179]. Researchers are investigating more energy
dense chemistries, such as the Lithium-Air battery which has the highest theoretical specific
energy (3.5 Wh/g), but has stability concerns which limit cyclability [8], and therefore is not
currently dependable for long-lasting IoT devices. In addition to having a limited number of
charging cycles, self-discharge reduces battery lifetimes, even if they are not in use [13]. This
results in batteries needing to be recharged or replaced, which can be cost prohibitive and also
generates significant electronic waste. In some cases, batteries can be safety hazards due to
material leeching, chemical leakages, or unintentional shorts [183, 50, 80]. To mitigate these
concerns, there is research into new battery chemistries, configurations, and manufacturing
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Figure 1.2: Typical battery energy densities for various chemistry families. (Adapted from

[6])

techniques, such as printed [159], nanofabricated [169], and flexible batteries [193], but there
may be cost, resource, and material limitations for a subset of applications. In many of
these cases, the power constraints and battery requirements can be relaxed or, in some
cases, completely replaced with the integration of energy harvesters.

1.2 Power from Energy Harvesting

To address the challenge of powering billions of IoT devices, there has been increasing
interest in developing energy harvesting technologies. These methods can either help im-
prove the longevity of existing battery-powered devices or replace the need for batteries in
systems altogether. An energy harvester generates useful electric energy from its surround-
ings. The main sources of energy devices can scavenge from is kinetic, thermal, chemical,
and electromagnetic radiation [82, 118, 106]. Many of these energies come from natural
environmental sources such as solar radiation, wind, water, and geothermal activity. Others
can be man-made, such as RF sources and vibration from machinery. Humans themselves
can also be a source of chemical, kinetic, and thermal energy. Table 1.1 summarizes these
categories of energy sources and Figure 1.3 illustrates how the interest in these areas have
grown over time. Although this is not a comprehensive record of all published papers on the
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Table 1.1: Common sources for energy harvesting

energy type natural source artificial source human source
infrastructure vibrations . .
s wind flow [94] (bridges [44], buildings [5]) walklpg and D [185]
kinetic . . o pushing and typing [162]
water motion [167] machinery vibrations arterial [119] and heart movement [91]
(automobiles [207], blenders [12])
) . car engines [140]
thermal geothermal activity [126] machines dissipating heat [181] body heat [168]
chemical salinity gradients [73, 116] blood glucose [70, 153]
electrogenic microbes [90] sweat lactate [67, 40]
. RF transmitters [172, 165]
3 = ’
EM radiation solar [57, 54] IR lasers [117, 52]

Figure 1.3: Number of papers on the topic of energy harvesting archived on Web of Science
for years 2010-2019, presented by energy type.

topic of energy harvesting for the past two decades, the growth of research in these areas in
recent years provides evidence that there is an interest and demand in these technologies as
a solution for powering emerging electronic devices.

The numerous types of energies and sources suggest that there is no one-type-fits-all
solution, and each application should be individually analyzed to determine the most relevant
and effective harvesting source for its expected operating environment. Solar energy, for
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example, has a power density of 100 mW /cm? under direct outdoor sunlight [130]. Therefore,
if the application is outdoors and is active during the day, or has an option to store energy,
then this can be a very desirable power source. However, this power density drops off once
indoors (100 pW/cm? [130]), and as size of devices continue to shrink, it becomes more
difficult to ensure the limited area has unobstructed access to light. Vibrational energy is
also very location specific and harvesters should be designed to be match the vibration’s
amplitude and frequency. This can be useful for devices which are meant to be stationary
with a constant vibrational source, but will not be the best option for a portable device.
Similar arguments can be made for the environmental availability of wind, water, RF, and
chemical sources for specific applications. Thermal energy is an interesting option to consider
because many electronics naturally dissipate heat and these temperature gradients can be
converted back to electricity through materials known as thermoelectrics. However, it is
difficult to find reliable temperature gradients over small volumes, especially if there is no
forced convection of the environmental medium [124].

Similar to other environmentally dependent energies, human power is only useful for
applications where electronics remain on or around the human body, such as wearables,
implants, and interactive devices. Human power comes in two forms: active and passive
[106]. Passive power is scavenged from already existing sources (i.e. biobattery from the
catalysis of glucose or routine activities like walking), and active power requires the user
to perform additional activities to generate power (i.e. wind-up radios or shake-activated
flashlights). One main consideration for scavenging human energy is minimizing user effort
where possible, since most users would not prefer the inconvenience of having to physically
exert additional energy to power their devices [152]. Although human power is not feasible
for sparse and remote wireless sensor IoT applications, such as environmental monitoring,
scavenging human energy is a useful option to ensure users can provide on-demand power to
devices such as wearables and interactive, smart commercial goods. Additionally, it would
be convenient to harvest energy from gestures already commonly used to interface with
devices, such as tapping, typing, and swiping [174]. In this way, users would be able to
power their devices while using them without having to exert additional energy. Towards
this end, this research will focus on investigating kinetic energy harvesting from human
gestures. In general, devices do not have to rely on one single harvesting technique and
energy source. Although fabrication and assembly of harvesters becomes more complicated,
some applications may be best suited for integration of multiple energy conversion methods

[177).

1.3 Thesis Organization

The primary goal of this work is to demonstrate a unique energy harvesting system that
scavenges energy from human gestures, focusing on a finger tap. Some important consider-
ations for the design of this system include (1) a small form factor for more inconspicuous
integration with existing devices and other smart goods and (2) a convenient integration
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plan with electronics to simplify fabrication and processing.

Chapter 2 gives an overview of kinetic energy conversion methods and discusses the
merits of electromagnetic, piezoelectric, electrostatic, and triboelectric converters. It also
provides a survey of current harvesters and their applications. Chapter 3 will further pursue
electrostatic energy transduction and discuss the circuit architecture for this conversion
method in more detail. Simulation results of these circuits are presented as well.

Chapter 4 discusses the development of a commercialized-off-the-shelf (COTS) version of
the electrostatic harvester. The system design, assembly, and characterization are discussed.
The performance of the harvester is presented in response to human finger tapping, with an
example application of powering a light-emitting diode (LED).

Chapter 5 presents an custom application specific integrated circuit (ASIC) chip with
an electrostatic energy harvesting module fabricated on the same bulk silicon die. Here, all
components of the ASIC are discussed, simulated, and characterized in detail.

Chapter 6 discusses the full system assembly and presents the test results of the ASIC in
response to human finger tapping. This harvested energy powers a ring oscillator (RO) as a
stand-in for a low-power circuit application. Energy harvesting from conductive fabrics and
smart paper electronics are also posited as potential applications for this technology.

This work culminates in Chapter 7, which summarizes the achievements of this project,
with discussion on limitations of this technology and suggested directions.



Chapter 2

Kinetic Energy Harvesting

As batteries become more limited in their application scope due to size, cost, and main-
tenance requirements, energy harvesting becomes an attractive alternative power option. In
particular, the human body expends significant amounts of kinetic energy from performing
routine activities [162]. Most literature which discusses human body kinetic energy har-
vesting focuses on large movements. Some ballpark estimates for exerted power by these
movements are presented in Table 2.1. These values vary widely depending on the size of
the human, which affects the weight and distance of limb movement. Only fractions of this
exerted energy can be converted without adding noticeable burden to the user.

Although these limb movements are the largest source of kinetic energy from the human
body, it can be inconvenient to harvest from them in some applications. For example, in
a classroom, office, or other movement-restrictive environment, a user would not want to
have to walk around the room to power electronics. Even if the user was free to move
around, some would prefer not to be forced to exert additional energy in this way. Although
users could carry larger energy storage devices on their body throughout the day to harvest
energy passively, this increases the size and weight of some applications. Alternatively, many
users are comfortable using smaller gestures to interact with their devices. Tapping, typing,
clicking, and swiping are already very common, natural motions used to interact with devices
[174]. The energy exerted during these actions are estimated here. Throughout this section,
force, work, and power will be calculated with the following equations where m is mass, a is
acceleration, d is distance traveled, and ¢ is time.

F =ma (2.1)

W=Fxd (2.2)
AW

P = Ar (2.3)

For a single tap on a flat surface, like a glass capacitive touchscreen, we can estimate the
work a finger performs. If we assume the tip of a finger is one cubic centimeter and is the
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Table 2.1: Exerted power for select human body activities. (Data calculated from [161, 143,
180])

Activity Conditions | Power
Walking (heels) 6831;2 Eluprﬂan 67 W
Walking (ankles) 6831;2 Elupnlian 57 W
Walking (knees) 6831;2 I}?upnlian 31 W
Walking (hips) 6831;2 Elupnlian 32 W

. 3.5 mph
Walking (shoulders) 68 kg human 1.8 W

: 3.5 mph
Walking (elbows) 68 kg human 1.8 W

Bicep curl 1 se<13 gfrrncurl 6 W

Overhead arm lift 2 selc ;)rer; lift 11W

same density as water, the weight of this fingertip is ~ 1 g. If this finger travels a distance
of 1 cm, taps at a frequency of 1 Hz, and we assume simple linear motion, then the power is

W = (1g) (92129) (lem) = 98uJ

1t
P = (98uJ) (?“f) — O8IV

For larger interactive devices, such as a smart screen or interactive children’s books, a
whole hand may touch the screen. In this case, the hand is estimated at 0.575% of the total

body weight [178], and therefore 0.4 kg for a 68 kg person. Assuming the same 1 cm travel
distance and 1 Hz speed, the power is

9.8kg
W = (0.4kg) ( 3 ) (Iem) = 39mJ
1t
P = (39mJ) ( ap ) — 39mW
sec

Buttons are a very common input mechanism for devices. Alexander et al. studied 1515
electronic push buttons in 11 typical household rooms [2]. The average travel distance was
1.48+1.04 mm and the average required force to trigger a button was 326+447.2 g. If we
again assume a 1 Hz button pressing speed, the power is
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8k
W = (3269) (9229 ) (1.48mm) = 4.7mJ
1t
P=(47J) <ﬂ) = 4TmW
Sec

Keyboards can also be a convenient way to interface with a device. The total travel
required for keys typically range from 4 mm (Cherry MX) to 1 mm (2020 MacBook Pro with
Magic Keyboard). The force required to depress these keys is around 60 ¢N [97]. Assuming
an average typing speed of 40 words per minute and 6 keys per word (5 characters + 1
space), the power is

W = (60cN) (2.5mm) = 15p.J
4 1ma
P = (15pJ) ( Owords) (erys) ( mzn) — 60pI

min word 60sec

Finally, swiping is a very familiar gesture for interfacing with electronics, especially those
with touchscreens. The sliding friction and contact mechanics of this gesture were investi-
gated by Ayyilidiz et al. [9]. They reported the nominal contact pressure is between 3-20
kPa (mid-point=11.5 kPa), and the friction coefficient for a grounded touchscreen is approx-
imately j,=0.25. If we again use the 1 cm?® approximation of a human fingertip, then the
contact area is 1 cm?. In reality, the contact area will be much less than the entire pad
of the finger and depends on applied pressure. Empirically, a finger moves a distance of
approximately 2 cm at 0.5 Hz when scrolling through a page on a mobile device. Assuming
constant speed and disregarding the force required to initiate the swipe and overcome the
static friction, the power of swiping is

11.5kN
W = (0.25) ( — ) (Lem?) (2em) = 5.8m.J
P = (5.8mJ) (M) = 2.9mW
Sec

These results are summarized in Table 2.2. Although these power values are orders of
magnitude smaller than the large limb motions previously summarized, it is still worthwhile
to investigate these gestures as potential energy harvesting sources. As devices continue to
shrink in size and power consumption, these small energy sources can help power electronics.
More importantly, utilizing gestures already commonly used with devices lowers user effort
and accelerates adoption into existing interactive devices.

There are four main methods of converting the energy from these physical gestures into
usable electrical energy. These are piezoelectric, electromagnetic, electrostatic, and tribo-
electric [205]. The remainder of this chapter will review the fundamental physics of these
transducers and survey published converters, with a focus on human energy harvesters. A
comparison of the advantages and disadvantages of these four methods will also be discussed.
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Table 2.2: Exerted power for gestures

Activity Conditions | Power
Fingertip tap 1 Hz 98 W
Hand tap 1 Hz 39 mW
Button (average) 1 Hz 4.7 mW
Keyboard 40 words/min | 60 pW

. 2 cm
Swiping 0.5 Hy 2.9 mW

2.1 Piezoelectric Transduction

Piezoelectric energy conversion relies on unique piezoelectric materials, which respond to
mechanical deformation with separation of charge, resulting in a generated voltage. These
materials are capable of both converting mechanical force to electricity (direct piezoelectric
effect), and converting electricity to mechanical actuation (converse piezoelectric effect) [98].
Although this second ability is useful in the application of actuators and motors, energy
generation relies on the direct piezoelectric effect.

In inorganic piezoelectric materials, the piezoelectric effect is the result of the internal po-
larization of the crystal changing with applied force [26]. Piezoelectricity is first introduced
by poling the material (applying a large electric field often at elevated temperatures), which
aligns the previously randomly oriented dipoles. As the material undergoes compressive and
tensile stress, there is an unbalanced shift of ions which creates a dipole and an electric
field develops across the material. Figure 2.1 illusrates this mechanism for aluminum nitride
(AIN). Organic piezoelectric polymers have also become a popular material choice for energy
harvesting due to their flexible qualities [98]. In these materials, the piezoelectric effect is a
result of the molecular structure and orientation of the polymer. These organic materials of-
ten have weaker piezoelectricity so there have been recent developments in organic-inorganic
hybrid nanogenerators that leverage the benefits of both materials [26].

The piezoelectric effect is governed by the constitutive equation 2.4. From this we can
derive the equation for the direct piezoelectric effect (Equation 2.5).

bl 10 52 =
D=do+e'E (2.5)

In these equations, ¢ is mechanical strain, o is mechanical stress [N/m?], D is electric dis-
placement [C/m?|, E is electric field [V/m = N/C], s is elastic compliance [m?/N], ¢ is
dielectric constant [F/m], and d is piezoelectric strain coefficient [C/N]. Superscripts £ and
T denote under constant electric field and constant stress, respectively. Because most piezo-
electric materials have a defined polar axis, the direction the force is applied (parallel or
orthogonal) has different effects of piezoelectricity. Conventions define the polar axis the
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Figure 2.1: Mechanism of piezoelectricity (for AIN). (Adapted from [26])

Table 2.3: Common piezoelectric materials

Material Piezoelectric constant | Dielectric constant Reference
d [pC/N] er =€/
PZT-5H dsz = 593, d3; = -274 3400 [71]
AIN (bulk) d33 = 56, d31 =-2.8 9.14 [58, 27]
Quartz d33 = 23, d31 =0.09 ) [71]
Zm0O dsz = 12, d3; = -4.7 10.9 (64, 158]
BaTiOj3 (ceramic) ds3 = 191, d3; = -79 1680 [46]
LiNbO; dsz = 7.9, d3; = -1 29.4 [20]
GaN (bulk) d33 = 37, dgl =-1.9 8.9 [58, 16]
PVDF dsz = -33, d3; = -23 13 [158]
Graphene (single layer) ds3 = 1400 6.9 [43, 34]

“3” direction, and the orthogonal directions the “1” direction. Therefore, the piezoelectric
strain coefficient is often reported as d;; where i refers to the direction the force is applied,
and j refers to the direction the generated voltage is measured. Table 2.3 summarizes the
piezoelectric strain coefficient for common materials.

Generated power can be estimated using these material property values. The induced
voltage and output power is determined by the following equations

F xt
_ 2.
V=gx 1 (2.6)
d
— 2.7
9= (2.7)
o = foerA (2.8)
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t
i f (2.9)
where g is the piezoelectric voltage constant [Cm/NF], d is the piezoelectric constant [C/N],
F is applied force [N], f is frequency [Hz|, C' is capacitance [F], ¢ is thickness [m], and A
is area [m?] of the piezoelectric material. If we assume the kinetic energy of a tap with 1
cm? fingertip area on an 635 pm thick sheet of AIN (industrial standard thickness, good
biocompatibility, and thin-film fabrication methods [62]), then the expected output voltage
and power is

1 1
P=CV%2.f=Z.¢qg-d-F?.
20V f 59

_ ( 5.6pC/N ) ((19) (9.8kg,/m2) (635m)
(9.14) (8.85pF /m) lem?

p_ 1 ((9.14) (8.85pF/m) (1em?)
2 635um

Since the piezoelectric effect requires a mechanical deformation, a light tap without applied
force does not generate much power. A more realistic scenario might be using the force of
an average button press, which would result in the following voltage and power

B 5.6pC' /N (0.326kg) (9.8kg/m?) (635um)Y\
V= ((9.14) (8.85pF/m)) ( lem? ) =14V

1 ((9.14) (8.85pF/m) (1em?)

) =4.3mV

) (4.3mV)? (1Hz) = 0.12f W

2 635um

In both these scenarios, the piezoelectric is operating in the ds3 working mode, but there
are many geometries to improve energy harvested. For example, stacking of multiple layers
of piezoelectric material can increase the thickness, ¢, and overall voltage and power out-
put [35]. It is also common for piezoelectric films to be fabricated as cantilevers allowing
operation in dz; mode, resulting in designs including the unimorphs, bimorphs, cymbals,
diaphragm [205, 98, 88]. With improvements in nanotechnology and nanofabrication, there
is also an emergence of piezoelectric nanowires, which improves flexibility, and has been a
popular material choice for implanted energy harvesters [187]. Table 2.4 compares some of
the published piezoelectric harvesters.

Piezoelectric energy conversion is a growing area and researchers continue to look for
ways to improve the efficiency, power density, and area density of these devices. In general,
piezoelectric harvesters exhibit high induced voltages and relatively high power outputs.
Continued development of this technology from bulk materials to thin-films and nanowires
demonstrates the versatility of this conversion method and offers a wide array of relevant
application spaces.

) (1.4V)* (1Hz) = 12pW

2.2 Electromagnetic Transduction

Electromagnetic energy conversion is based on Faraday’s law of induction, which defines
the interaction between a magnetic field and an electric circuit, which produces an elec-



13

CHAPTER 2. KINETIC ENERGY HARVESTING

o3y woiy pajewrxoxrddy,

ayel A1ogeaidser pue ASIeus sourjeded 93vIO)S WOI) PaALId(T,

a3y woiy pajyewrxoxddy,,

u g = Sy

W 7] = et MU G'E ZH 6'0 20Uy sydiownq 17 [18] 910G nuz pue Suenyy
(*our *9eTON ‘120Z DYN) :

X) WW § X WW J/, X W w syuerdurr 9ou ' 0 PaRNOW
(px) e g L L MU GG [t ooty q1eHON whemuyy | 7 AT08 T8 30 poynouty
unl ¢z X W g6 X W j MU LGT U)sAS FuIpuaq Ieaulr] wig-utgy NIV €] 8T0E Te 10 TIS[y

wil ¢z x W g X W § MITZ0ALO (oppuwy) wy-urg} NIV [9¢] 9107 ‘T 10 opmy)

- Surpuoq 1o8ur ] ‘ ‘
(9%) It ¢ X W ), X Wl ), 907[S/ WG (1oay) ydur ¢ Suryrepy yoels 1,7d [GeT] 8T0T T8 10 ueId)
un /T ),

wu X WD [ X WD € . surysnd 1o3ut €01 eg Wy-uryy ‘Te 10 YIe

04¢ I ! o/l 610 A T 1 d OLLeg wy-ury [1€1] 010Z T8 %0 red
wil ¢) X Wo ) X W g'g VIPLT A 8L Jreoy aubIoq LZd-NINd [c2] LT0T Te 39 wiyf
el

, TIUL /X TIWL X TOI0 G AT €80 et SOTUIRI0D 17 [ze1] 00z Te %0 1¥e1d

yuotwoor[dor oouy

wtl )7 X W g X W (g

g MUT A G0T0

(Toyemnuurs Suny)
uorjeirdsor uewny

Yoqomuut JAAd

[F91] TT0Z Te %0 ung

p WO FZ X WD LT~

L/ M 8T 02170

11e97] SUIAOL

uoqquoueu 1,7J

[ge] 710z 12 10 womaopSe(

ww g = ssousry) yroddns
uo g = Y)3us]
wl )0z = 1ejetueIp

U0/ YU 0T ‘A T°0

MOQ[e UewIny

AdAd
29 SOIIMOURU (U7

[G8] 2T0T T 10 097

wu ()OI~ = Pyd

wil ¢'¢ = ISuo] L0/ T 9T-F OTIqR] M PajeISou] SOIIMOURU (YUY, [2€1] 800T ‘T 10 w1
wu )0g-0g = Iejewreip
wil 00G-00T = Y¥3uo] : .
W 0R-00] = HrouTEp vd § ‘AW g wiSeryderp ey 9IIMOURU (YU, [g6] 0TOT ‘Te 3@ 1T
il )0G-00T = ISu9] . .
WU (080T = IHIOUTETp vd 06T ‘AW Gg UOTYR[[10SO 19TUL] dlImouRU Uy, [281] 600G "Te 10 Suex
wil ¢z X W ¢ X WUl § YUz ‘AZ0 90®] U0 SUIULIA\ SoIImouRu (U7, [98] €10 ‘Te 10 @]
g T MD STE ZH 0T ,S/W 86 ydrounq 174 reuds 7] 0102 T8 30 A9tR[RD
(px) wl gg x ww 1G X W g’y MW 9°Gy sderys yoedyoeg AdAd [g] 200g ‘Te 10 WwoIsURID)
Z1 JaMO 20anog A3i1ou Arzomiod R EREIE]
9ZIS d S o 29 [eLIdYRI\ Jod

surysearey ASIous Apoq uwewny AoUsNbal-mo[ U0 PIsnNIO] SIJSOAIRY ASIaUS OL1308[20zo1d Jo AoAIng :§°7 S[qR],




CHAPTER 2. KINETIC ENERGY HARVESTING 14

tromotive force. These generators consist of a conductive coil and permanent magnet, and
electrical energy is generated as these two parts move relative to one another. For a tightly
wound coil of N identical turns, induced electromotive force ¢ is defined by the following
equations.

dd
e=-N_—2Z 2.1
dt (2.10)
ch_/ B .dA (2.11)

N //B iA (2.12)

In these equations, € is the electromotive force [V], N is the number of coils, 5 is the
magnetic flux [Tm?|, B is the magnetic field [T = Vs/m?|, and dA is an element of the
surface of A [m?]. As illustrated by these equations, in order to induce an electromotive
force, either the magnetic field, B, or the effective area, A, of the magnetic flux must
change. In electromagnetic generators, this leads to the two commonly seen configurations
illustrated in figure 2.2. On the left, the movement is orthogonal to the magnetic field, and
therefore the magnetic field remains relatively uniform. The flux varies with the relative
“overlap” between the magnet and coil, as one moves up and down, in the z-direction. In
this case, the electromotive force simplifies to

dz
=—-N-l-B- 2.13
where [ is the diameter [m] of the coil. On the right is the second case where the direction of
movement is parallel to the magnetic field and the field varies as a response to the distance
between the magnet and coil. In this case, the electromotive force simplifies to

dB dz

€= N.A.dz.dt (2.14)
where A is the cross-sectional area [m?] of the coil orthogonal to the magnetic field. From
these equations, it is clear that the electromotive force is proportional to the linear velocity
of the moving component, so this value should be maximized. In both of these modes, either
the magnet or coil can be fixed (or moving), but typically a fixed coil (and moving magnet) is
preferred since it is easier to assemble fixed electrical wires [106]. In addition, as evidenced
by N and A in the previous equations, the coil geometry can greatly affect the induced
voltage. Increasing the number of coils, N, and increasing the cross-sectional area of flux, A,
both increase harvested energy. However, as devices continue to decrease in size, maintaining
these large coil values becomes problematic. Using nano- and micro- fabrication techniques
will generally require coils to be fabricated with a 2D planar technology which not only
limits the number of coils that can be fabricated, but also limits the dimensions (spacing,
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Figure 2.2: Two common modes of electromagnetic generators. (Adapted from [11])

width, thickness), which affects coil resistance [10]. Unfortunately, these miniaturization
constraints limit the usefulness of electromagnetic energy conversion in many applications.

In the case that a new fabrication technology emerges and overcomes these challenges,
the voltage and current induced by a fingertap can be estimated. Assuming a cylindrical
magnet adhered to the finger tapping on a coil (similar to mode on the right in Figure 2.2),
the magnetic field and its derivative is given by

B—& D+z B z
2 \VR2+(D+2)? VR +22

dB B, 1 B (D + 2)? n 22 B 1
dz 2 \\/(D+22+R* ((D+2)2+ R2)3/2 (R? + 22)3/2 VR? + 22
where B, is the remanence field of the magnet [T], z is the distance from the face of the

cylinder [m], D is the height of the cylinder [m], and R is the radius of the cylinder [m]. The
last term in equation 2.14 is the derivative of position, or velocity, given as

L o

z:z0+v0t+§at

dz

dt

where 2, is the initial position [m], vy is the initial velocity [m/s], a is acceleration [m/s?],
and ¢ is time [s]. Assuming the finger starts with zero velocity, the vy terms can be removed.
We will also assume constant gravitational acceleration and ignore the opposite damping
forces (i.e. assume finger muscle force compensates for the damping and maintains constant
acceleration). These expressions can be plugged into equation 2.14 to express electromotive

=v =1y +at
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force, or induced voltage, as a function of time, ¢.

e=—-N-A-

\/(D + (20 + %gt2))2 + R2 ((D + (zo + %gt2>)2 + Rg)

B, 1 (D + (20 + 2gt?))?
9 3/2

(20 + 39t2)? 1
2 1 ,94\2\3/2 1 (gt)
(B2 + (20 + 39t%)?) \/R2 + (20 + 59t2)?

If we assume a N42-grade NdFeB magnet (Br = 1.32 T [22]) with a thickness of 1 mm and
a diameter of 1 cm (R = 5 mm) and a coil with N = 10 turns and the same diameter (r =5
mm, ignore edge effects), then the induced voltage can be plotted as a function of time for
a single tap motion. Assuming, similar to before, that the finger begins its motion at zero
velocity at a height of 1 cm above the coil, then a single downward tap will occur between
0 <t < 45 ms. The induced voltage is plotted as a function of time for this range in Figure
2.3. The highest voltage of 7 mV occurs at 41 ms, which corresponds to 1.7 mm above the
coil. The current can be solved for by deriving the resistance of the coil and applying ohms
law. Using current, standard, multi-layer PCB capabilities as a guideline (manufacturer:
BayAreaCircuits), copper traces are ~1.4 mils (0.036 mm) with a resistivity of p ~ 1.7 x
107® Qm, and traces must be >5 mils (0.127 mm). If we approximate the width of the
copper trace as 0.5 mm and know the radius is 5 mm with 10 turns, we can approximate
the resistance of the coil as follows l

_ ol
= A

(17n2m)(10(2 - 7 - bmm))
0.036mm - 0.5mm
Therefore, the maximum current and instantaneous power can be calculated.

R = = 0.3012

Vo TmV
I'=%= 030~ 2mA

P =1V = (23mA)(TmV) = 160uW

These results highlight some of the advantages and disadvantages of electromagnetic energy
harvesting. Typically, these generators cannot produce very high voltages and will require
electronic converters to boost the voltage to a useful range; however, they can generate
high instantaneous currents if care is taken to keep resistances low. Despite difficulties
in miniaturization, there has still been significant research produced on electromagnetic
generators, but typically at a larger scale. Table 2.5 summarizes some of these developments,
focused in the area of human energy harvesting.

The published research in electromagnetic energy harvesting has presented innovative
solutions to overcoming its challenges. For example, gears provide effective up-converting
of linear motions to faster rotational motions, and electronic boost converters help step-up
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Figure 2.3: Induced voltage by finger tap with neodymium magnet for a single downward
stroke.

small voltages to the useful range to power electronic devices. Although there are difficulties
involved with microfabricating effective coils and magnetic materials, there exists an appli-
cation space (macroscale generators) where electromagnetic harvesting can be very effective.

2.3 Electrostatic Transduction

Electrostatic energy conversion depends on mechanical motion influencing a capacitor,
creating a variable capacitance. A capacitor is essentially two conductive nodes with a
dielectric in between, and it stores electrical energy in its electric field. To illustrate the
theory of electrostatic harvesting, a simple parallel plate capacitor can be considered. In
this case, the capacitance is defined by equation 2.15.

A

C=c¢ g (2.15)
¢ is the electric permittivity of the dielectric [F/m], A is the overlapping area of the parallel
plate conductor [m?], and d is the distance between the plates [m]. From this relationship,
it is clear that a change in any of these three variables will affect the capacitance. These
three methods of changing capacitance are visualized in Figure 2.4. The top image shows a
cartoon of a parallel plate capacitor in its original state, and the bottom three figures depict
how capacitance can change. The left mode illustrates moving one electrode in a parallel
plane to the other electrode to affect the overlapping area of the capacitor. The center again
shows an electrode moving, but this time closer to or away from the other electrode which
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Figure 2.4: Three general methods to change capacitance.

changes the distance between the conductors. Finally the right demonstrates the motion
of dielectric between the electrodes, which implies a material of different dielectric constant
(air or otherwise) replaces the original dielectric.

Once a variable capacitor is established, energy is harvested in response to how the charge
and voltage changes. The charge stored on a capacitor is given by equation 2.16 and the
energy stored on a capacitor is given in equation 2.17.

Q=CV (2.16)

E = %CVZ = %QV (2.17)

Where @ is the charge on the capacitor [C], C' is the capacitance [F], and V is the voltage
across the capacitor [V]. Energy is stored on a capacitor in the electric field between the two
charged plates, and the mechanical forces that change the capacitance do work to redistribute
charge. There are two main operational modes for electrostatic energy harvesting: (1) charge
constrained mode and (2) voltage constrained mode. Both of these modes can be explained
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by looking at the derivative of equation 2.16 with respect to time.

dQ av ac
E—C%—FV% (2.18)
In the charge constrained mode, there is constant charge and thus the d@Q/dt term drops

out. Therefore the change in voltage is expressed as a function of the variable capacitor.

av.- vV (dC

W C (%)
As the capacitance decreases and charge remains constant, the voltage increases. The change
in energy in the system can also be solved for in this constant charge state by returning to
equation 2.17, where in the following equations subscripts ¢ and ; stand for the final and
initial states.

Q= CiVi=CVy

AE = E; — B,
1 1
AE = S(Ci = CpViVy = 50(Vy = Vi)

In the voltage constrained mode, voltage remains constant and therefore the dV/dt term
is zero. Charge is expressed as a function of the variable capacitor and change in energy a
function of the change in charge.

e~ dt
Where [ is current [A]. In this constant voltage mode, as capacitance increases, the charge
increases. Similar equations for energy can also be derived in this mode using equation 2.17
with the same ; and ; subscripts.

Q_,_ i

Qi Qy
=c7¢
AE=E;— E

AE:%@y—awﬂngrwmv

To approximate the power from a fingertap, we can find a change in capacitance assuming
the finger is one of the conductive plates and starts at a height of 1 cm. If the other plate of
the capacitor is fabricated on a PCB , it can be insulated with a standard soldermask which
has thickness of 20 pm and dielectric constant of 3.4. We assume that the remainder of the
distance is filled with air with unity dielectric constant and, as before, the area is 1 cm?.
These two capacitors can be considered in series and the change in capacitance, assuming a
simple parallel plate and ignoring fringing fields and other higher order effects, is solved for

as follows, where C,,;, is the finger at its maximum 1 c¢m height and C,,,, is the finger on
the PCB.

A lem?
air — Cair 7 — 1 . F T aon F
C 5 i (1)(8.85pF /m) Tom — 20pm 89f.
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A lem?
Csoldermask = €soldermaskd— = (34) (885pF/m) Oum = 150pF

soldermask 2

Caircso ermas 89 F 150 F
Oair + Csoldermask 89fF+ 150pF

Cmax = Usoldermask — ]-50pF

In addition to the change in capacitance, the voltage is also required to approximate the
power delivered by this generator. For simplicity, a bias voltage value of 1 V will be assumed,
and we will continue to use a tapping frequency of 1 Hz. The energy and power for charge
constrained (CC) and voltage constrained (VC) systems are derived below.

1 (150pf)(1V)
AFE,.. = —(150pF — 89fF)(1 ——— 1 =0.1
2( 50p 89fF)( V)( So/F 0.13uJ
AE. 013u]
Pcc - AT — 1s = Ol?),LLW

1
AE,. = 5(150pF — 89fF)(1V)? = T5p.J

AE,.  T5pJ
AT 1s
In the charge controlled case, it is important to initially charge the system in the C,,,, state
since positive energy gain occurs when the variable capacitor changes from C,0. — Chin
(i.e. when C; > C}). Conversely, there is positive energy gain in the voltage controlled case
when the capacitor varies from Ci,;p, — Cpae (i.e. when Cp > C;). Therefore, although the
charge controlled mode generated more power in this case, it would require a larger initial
charging energy to bias a 150 pF capacitor to 1 V as opposed to the 89 fF capacitor.

Due to practical constraints in real-world implementation, such as nonideal voltage
sources and charge leakage, most electrostatic transducers will operate somewhere between
these two absolute constrained modes. Table 2.6 reports on some of these published inno-
vations in electrostatic energy harvesting, again with a focus on human generated power.
One of the biggest limitations of electrostatic energy harvesting is the required initial bi-
asing of the capacitor. The variable capacitor must be precharged for work done on it to
generate any energy. There are a number of solutions researchers have developed to address
this challenge, such as introducing electrets (permanent charge in the dielectric) [7], using a
hybrid-transduction structure that relies on another harvesting technique to create an initial
charge [83], or simply periodically connecting it to a power supply [202]. Although this last
option will not realize the full benefit of energy harvesting and will still rely on a battery
or power supply for charge, integrating electrostatic energy harvesting in these systems can
help extend the time between charges and reduce maintenance requirements. There is also
growth in the variety of materials and geometries used, such as integration of polymers for
enhanced flexibility [200], or addition of liquids between the capacitor electrodes [24] for
larger range of variable capacitors.

P, = = TopW
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2.4 Triboelectric Transduction

Triboelectric energy conversion relies on a combination of the triboelectrification effect
and electrostatic induction. Triboelectrification describes the effect where charge is trans-
ferred between two materials through frictional contact, due to the properties and chemistries
of the materials and their relative tendencies to gain or lose electrons [101]. When a force
is applied on two materials of opposite charge affinities, causing them to bend into contact,
charge of opposite polarities accumulates on the surfaces of the materials. When the force
is released, the materials will separate, but maintain their charged states, which creates an
electric potential [182]. If an external load is connected, this electric field drives charge and
generates current.

Triboelectric generators typically appear in four different operation modes: (1) vertical
contact-separation mode, (2) lateral-sliding mode, (3) single-electrode mode, and (4) free-
standing triboelectric-layer mode [176]. These four working modes are illustrated in Figure
2.5. The vertical contact-separation mode includes two dissimilar dielectrics with electrode
contacts on the backs. The energy harvesting cycle begins when the dielectric films are
brought into contact, which creates oppositely charged surfaces. When they are separated, a
potential drop appears across the gap and free electrons would flow through a load from one
electrode to the other. When the gap is closed, the potential disappears, electrons flow back,
and the cycle repeats. The lateral sliding mode has the same structure of two dielectrics
with electrodes. However, here the dielectrics slide laterally with respect to one another
while keeping their contact, thus inducing a lateral polarization. Charge will again flow from
one electrode to the other. This method can be implemented in various forms, including
rotational sliding. Many objects and materials naturally carry charge due to contact with
other materials throughout routine use. The last two modes leverage natural charge with
free-moving dielectrics. The single-electrode mode only has one stand-alone electrode and a
free dielectric. As the dielectric moves (in either contact separation or contact-sliding direc-
tions), the local electric field around the electrode changes, therefore flowing charge to and
from a ground node. The freestanding triboelectric-layer mode similarly uses a free dielectric
to vary local electric fields, but in this case between two stand-alone electrodes. Again, as
the dielectric moves near the electrodes, electrons flow from one electrode to the other to
balance local potential disruptions [176].

Although most materials undergo triboelectrification, the degree to which a material gains
or loses electrons depends on its polarity. Table 2.7 lists some commonly used triboelectric
materials and their charge affinity. Materials further away from one another on this spectrum
will transfer more charge, therefore inducing a larger voltage upon separation. Some of the
more commonly used materials include poly tetrafluoroethylene (PTFE) and silicone for a
net negative triboelectric charge, and nylon for a net positive charge [182].

An alternative way of viewing this system is by looking at the system as a variable capac-
itor after the electric potential has been established. From this perspective, and especially
for the vertical contact-separation mode, many of the same equations that were presented
for electrostatic transduction (Section 2.3) apply. If we assume as we did for electrostatics a
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Figure 2.5: Four general modes of tribelectric generation.

parallel-plate capacitance where the area of the electrodes is orders of magnitude larger than
their gap, then the total capacitance is three capacitors in series: Cy1, Cy, and Cj, where
subscripts g is the gap and d1 and d2 are the dielectric capacitances. Both the polarized
triboelectric charges and the electrode charges contribute to the output voltage in equation
2.19

Q
= Voel2) — 5= 2.1
14 (2) B (2.19)
Vyoo Qo 04 _ 02ll) (2.20)
C’oc 89% Eg
1
C(z) = Carl|Cyl|Car = - (2.21)
aa + AT
yo i@ <tﬂ IO @) (2.22)
g A €d1 €y €d2

In equation 2.19, V,. is the open circuit voltage between the two electrodes [V], and this is
the maximum possible voltage on the system as a function of z(¢), which is the displacement
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Table 2.7: Triboelectric charge affinity for select materials (Adapted from [21])

Triboelectric Charge affinity [nC/J]
Polyurethane foam +60 A
Hair, oily skin +45
Solid polyurethane +40
Nylon, dry skin +30
Machine oil +29
Glass (soda) +25
Paper +10
Wood (pine) +7
Cotton +5
Nitrile rubber +3
Wool 0 0
Polycarbonate -5
Acrylic -10
Epoxy -32
PET (mylar) solid -40
Polystyrene -70
Polyimide -70
Silicones =72
Vinyl: flexible -75
Polypropylene -90
PVC (rigid vinyl) -100
Latex (natural) rubber -105
PTFE (teflon) -190 v

or gap distance [m]. The second term accounts for the reduction of electric potential due
to charge transfer once a load is connected, as a function of (), the amount of transferred
charge [C], and C(z), the equivalent capacitance of the system [F]|. Equation 2.20 defines
the open circuit voltage in terms of o, the charge density from triboelectrification on the
dielectric surface [C/m?] and ¢, the dielectric permittivity of the gap [F/m]. Equation 2.21
defines the total equivalent capacitance of the three capacitors in series, as a function of
their respective thicknesses, ¢ [m], and dielectric constants, ¢ [F/m]. And finally, equation
2.22 is solving for the voltage equation given in 2.19 as a function of z(t).

At short circuit conditions, the electrodes will be at the same electric potential (i.e.
V' =0), and the charges transferred will be

Aoz(t)
Qsc = crm 2t (2.23)
Saldl 4 Sgtdz 4 4(4)
€d1 €d2

To make this equation cleaner, a new variable t; is defined, which can simplify the Q),. and
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V' equations
€gtd1 i e’fgtdg

tg =
Ed1 Ed2
oz(t) Q
V=—-r— 2t t 2.24
S et =(e) (2.24)
Aoz(t)
sc — 2.25
Q td + Z(t) ( )
The short circuit current can be solved for
_[ _ dQSC _ dQSC %
a4t \ dz dt
A A
Isc _ Utd dZ(t) _ O'td U(t) (226)

(ta+2(1))% dt (ta+ 2(t))?
Here, we have the short circuit current as a function of velocity, v(t) [m/s]. To solve for the

current in a general case in between open and short circuit, for example an arbitrary load of
resistance R, we can use ohms law and define I as

dQ v
@ TR
dQ _oxl) 9 1) (2.27)

dt  e,R Ag,R
This first-order differential equation can then be solved for () given known boundary con-
ditions [122]. The current (I = dQ/dt) and voltage (V' = IR) will then follow from that
solution.

We can approximate the power from a fingertap to compare this transduction method
with the others. We assume a contact-separation mode generator with a nylon pad with
attached electrode adhered to a human fingertip and a stationary PTFE dielectric on the
opposite electrode. The surface charge density, o, is dependent on numerous conditions
including force, humidity, and temperature. Assuming a linear relationship with force, tem-
perature of 25°C, and 50% humidity, the surface charge density can be extrapolated from
data presented by Kleyman et al. [78] to be 0.9 pC/m? at 9.8 mN (F = 1 g - 9.8 m/s?). The
thickness of these layers will be 1 mil (25 pm), which is a commercially available thickness
of nylon and PTFE films (McMaster Carr). The dielectric constant used for PTFE is 2 [79]
and for nylon is 3.6 [33]. Again using the approximations of a 1 cm? area and max travel
distance of 1 cm, we can find the open circuit voltage and short circuit current.

oz (0.9uC/m?)(1em)
g 8.85pF/m

Voe = = 1kV

4=

Eglar . Egtan _ 25pum  25um

~ 19
cn | Em 2 36 Hm
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Aoty o(t) = (1em?)(0.9uC/m?)(19um)
(ta + 2(t))? (19pm + 1em)?

Therefore, the maximum instantaneous power is

Lo = (9.8m/5%)(0.0455) = 7.5pA

P =1V = (1kV)(7.5pA) = 7.5nW

Although this power could never realistically be achieved, and the device would operate
somewhere between open circuit and short circuit conditions, this approximation gives us a
reasonable frame of reference to understand the order of magnitude of power that can be
generated by triboelectric transduction.

Due to the universal presence of triboelectricity on almost all materials, triboelectric
transduction has drawn significant interest in the research community. Being able to build a
triboelectric generator from a variety of materials allows for easier energy harvesting integra-
tion into most devices. In particular, the flexibility of many triboelectric materials allows for
better mechanical impedance matching with the human body. Table 2.8 summarizes some of
the recent emerging technologies for triboelectric energy harvesters, with a specific focused
on human energy harvesting.

Since the established triboelectric charge is a function of area and charge density, increas-
ing these values improves the power generated from a triboelectric harvester. A significant
amount of research has been aimed towards functionalization of the triboelectric surfaces.
This includes both physical modifications, such as increasing contact area with microstruc-
tures [111], and chemical treatments, such as depositing nanoparticles [75] and introducing
dopants [146]. Another interesting feature, which is possible due to the vast selection of
triboelectric materials, is the ability to biodegrade, leading to less waste [68]. In general,
triboelectric energy harvesting produces extremely high voltages and has an abundant se-
lection of materials to chose from. However, there still exist questions surrounding its long
term stability and reliability [25], since it can be dependent on environmental conditions
such as humidity. As these uncertainties are researched and better understood, triboelectric
energy harvesting can be suitable for many applications.

2.5 Comparison of Transduction Methods

As electronics become increasingly smaller in size and portable in nature, there exist
significant efforts to develop alternative energy harvesting. Kinetic energy harvesting from
human motion is particularly relevant for interactive electronics as well as wearables and
sensors on and around the body. The four main methods of converting this kinetic energy
to useful electrical energy are piezoelectric, electromagnetic, electrostatic, and triboelectric.
The fundamental theory and a brief literature survey for these energy conversion methods
were presented previously in this chapter. Table 2.9 compares the primary advantages and
disadvantages of each of these four tranductions methods.

It is important to remember that due to the variety of applications, there is no one
transduction method that will always be the best. Instead, developers should carefully
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analyze the application space and choose one or more harvesting methods to best meet
those goals. Indeed, many hybrid structures have emerged that combine multiple conversion
techniques to leverage the advantages and mitigate the challenges associated with each. For
example, electromagnetic-triboelectric structures can output both very high currents and
voltages, but at the cost of more complicated fabrication and materials [194, 69]. Another
popular hybrid is combining a self-induced, voltage-producing transduction method with
electrostatics to offer a self-biasing solution for the electrostatic capacitors [144, 31, 83].

Recalling that two important considerations are small form factor and convenient in-
tegration with electronics, the electrostatic transduction method becomes very attractive.
Most of the demonstrated scavenging devices require wires and connectors to reach rectifying
and power conditioning circuits, which adds size and potential failure points, and decreases
efficiency. Additional connectors and components also create assembly and packaging prob-
lems. In contrast, the simple capacitive structures and materials required for electrostatic
energy harvesting allows it to be fabricated side-by-side with CMOS circuits. Using the
various metal layers available in traditional, commoditized CMOS foundry processes gives
us the platform to create an energy harvesting module on the same silicon die as its recti-
fying circuit, power electronics, and application specific circuits. The development, design,
analysis, and performance of integrated electrostatic energy harvesters will be discussed in
the following chapters.
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Table 2.9: Comparison of piezoelectric, electromagnetic, electrostatic, and triboelectric
conversion methods
Methods Advantages Disadvantages
Requires accurate impedance
No external voltage required [39] | matching [82]
: . Large power density [39 Material fatigue |15
Plezoelectric High voltage output %39} Not compatible intl]l standard CMOS
Macro and micro fabrication [39] | Wide range of efficiency depending
on material
Very low output voltages [39]
High output currents [82] Li'rfréited mir'liaturizatior‘l 139
| Long life span [82] Di .cult. to integrate with other
Electromagnetic fabrication processes [18]
Macroscale robustness [114] : .
No external voltage required Expensive materials [$2]
Strong damping forces [114]
Works better at high frequencies [15]
High output voltage [82]
Easy to miniaturize [82] External voltage required [39]
Electrostatic | Inexpensive [82] Parasitics reduce efficiency [15]
Integrates easily with CMOS Electrets suffer charge decay [21]
and MEMS fabrication
Very high voltages [25] Susceptible to humidity, stability,
Higher efficiency in low-frequency | and surface damage [98]
Triboeloctric | FA1Ee 1] Lifetime reliability uncertain [25]

Inexpensive materials [182]
Wide variety of materials [42]
Flexible and biodegradable

Electrification mechanism still not
fully understood [182]
Not compatible with standard CMOS
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Chapter 3

Electrostatic Energy Conversion
Design

Electrostatic transduction provides an opportunity to fully integrate an energy harvest-
ing module with CMOS electronics. The foundation of an electrostatic energy converter is
a variable capacitor. This variable capacitor generally consists of two conductive electrodes
with a dielectric in-between. These materials are readily available in commoditized CMOS
foundries in the form of metal traces traditionally used for electrical routing and dielectric in-
sulation. Capacitors have long been fabricated alongside advanced CMOS circuits; however,
an obstacle arises when the application requires one of these electrodes to be mobile.

Most common electrostatic energy harvesting techniques require one of the capacitive
electrodes to move relative to the other, therefore influencing the overlap area or distance
between the two plates to create a variable capacitor. This would not be possible with
general CMOS chips without post-processing steps such as a MEMS release etch, which
adds complication, processing costs, and could damage the sensitive circuitry. Instead, we
consider taking the “moving” component of the capacitor off-chip completely, and leverage
finger and body capacitance to influence the capacitive nodes that remain on chip. Similar
to how capacitive touch screens work, as a finger approaches two capacitive plates embedded
in the device, it influences the electric field and charge distribution across the electrodes.
This effective variable capacitance will be the driving force behind the electrostatic energy
harvester. This chapter will investigate the theory behind this phenomenon and present a
circuit architecture to rectify this energy into useful electrical energy. Simulations of the
device will also be discussed.

3.1 Human Body and Finger Capacitance

It has long been known that the presence of a human (hand, finger, etc) modulates electric
fields in electronics. In the 1920s, this concept birthed the invention of the Theremin, an
electronic musical instrument that uses the changing distance from the player’s hands to an
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Figure 3.1: Finger on insulated electrode capacitive contact model.

antenna to tune the frequency of its notes [160]. As the performer’s hands move through the
instrument, it generates a variable capacitance in the system, which alters the frequency of
the LC oscillator [48]. In the 1980s, as personal computing devices were emerging, researchers
turned to this same finger capacitance effect as a way of creating touch sensitive devices,
allowing the user to input data to these systems [87]. Now as devices continue to decrease
in power consumption and increase in portability, this long-known phenomenon is applied
to electrostatic energy harvesting.

Human skin consists of numerous layers of tissue, the outermost being the stratum
corneum, which consists of cells that undergo the process of keratonization (or cornifica-
tion) [38]. This outer layer of dead, dry, keratonin-filled cells is characterized by ridges and
roughness that varies from person to person. In general, this skin qualifies as an insulator
that encloses the ionic medium of the rest of the body [9]. This structure creates series
capacitance with electrodes as seen in Figure 3.1. In addition to the capacitance of the
skin, there are more complicated impedance pathways through the body (through capacitive
cellular membrane structures, various degrees of ionic fluids, different impedance tissues, for
example) [141] which are not discussed in detail in this thesis, but are lumped together into
a single “body impedance” to ground.

Capacitive electrodes can be configured in many geometries and designs, but they gener-
ally fall into one of two categories: stacked electrodes and coplanar electrodes [109]. In the
stacked mode, the two electrodes are manufactured as a stacked parallel-plate capacitor with
dielectric in-between, therefore the electric field mainly exists inside the device. The finger
makes contact with only the top active electrode through an insulating layer, and therefore
adds a single gap capacitance and body impedance to ground. In the second mode, two
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Figure 3.2: The effect of finger capacitance on two general electrode configurations: stacked
electrode mode and coplanar electrode mode.

electrodes are fabricated side-by-side, and a significant amount of the electric field comes
from the fringe field. The finger now makes contact to both the ground and active elec-
trodes through an insulating layer. This adds the effect of two gap capacitances. Both of
these modes are illustrated in Figure 3.2. Here C, is the nominal capacitance between the
electrodes, Cj is the capacitance of the gap between the finger and the electrodes, Z is the
electrical impedance along the surface of the human finger, and 7, is the impedance through
the finger and into the body of the user.

In order to compare these two electrode configurations and understand the effect of a
finger tap on the change in capacitance of fabricated electrodes, we designed a printed circuit
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Mode | d [mm] | s [mm] | C; [pF] | C [pF] | AC [pF]
SE 13.3 1.5 8.71 11.53 2.82
SE 11.3 1.5 7.85 10.89 3.04
SE 9.3 1.5 5.75 7.55 1.80
SE 7.3 1.5 2.36 6.85 1.49
SE 5.3 1.5 4.44 5.24 0.80
SE 3.3 1.5 4.04 4.35 0.31
CE 7.5 0.2 3.71 28.7 25.0
CE 7.5 1.0 3.44 31.1 277
CE 7.5 2.0 2.68 30.7 28.0
CE 11.5 0.2 4.31 57.6 23.3
CE 9.5 0.2 4.12 40.2 36.1
CE 7.5 0.2 3.71 28.7 25.0
CE 2.9 0.2 3.16 12.4 9.2

Table 3.1: Change in capacitance realized from a finger tap for varying size and space on
PCB test structures.

board (PCB) with varying electrode sizes and spacings for both configurations. For the
stacked electrode mode, we used the bottom layer of the PCB as a ground electrode, and the
top layer as the active electrode. The dielectric in-between was FR-4, which had a dielectric
constant of 4.4 and a thickness of 1.5 mm. The area of the active electrode was varied to
determine how change in capacitance was affected by size. For the coplanar electrode mode,
both electrodes were fabricated on the top metal layer. We used the same size active layers in
both modes, and varied the space in-between the active and ground electrode. Because the
thickness and properties of the top dielectric was an important variable to control, we drew
solder relief masks over all the top layer electrodes so they were fully exposed. Upon receiving
the PCB, we deposited 2 pm of parylene-C (g, = 3.15) over all the exposed electrodes to act
as the top dielectric layer. Table 3.1 reports the change in capacitance measured for various
dimensions.

The capacitance change observed from a finger tap on various electrode geometries ranged
from 0.3 pF to 53.3 pF, depending on electrode configuration and size. The first six rows
in Table 3.1 show stacked electrodes with the active electrode ranging in diameter from
13.3 mm to 3.3 mm. As expected, the change in capacitance consistently decreased with
decreasing area of active electrode. The remaining eight rows demonstrate that the coplanar
electrode configuration performed significantly better than the stacked electrodes. Again,
we saw that an increase in active electrode diameter increases the change in capacitance. We
also saw a weak positive relationship between spacing and change in capacitance. However,
given a limited amount of space, it is better to maximize active electrode size at the expense
of having a smaller gap. From these results we decided to pursue a coplanar electrode
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configuration with small spacing between the electrodes. We also found that, due to the
capacitive nature of the system, the effect of touch on capacitance was amplified by adding
multiple capacitors in series. Although these results were not precisely representative of a
variable finger capacitor in an integrated CMOS foundry process, which was our end goal,
the trends in geometry should hold. Integrating these capacitors on-chip introduced new
limitation on size, width, and spacing and used different electrode and dielectric materials.
Still, these preliminary finger touch capacitance experiments demonstrated the ability to
realize a change in capacitance from a finger tap. The next section discusses how to harvest
useful electrical energy from this varying capacitance.

3.2 Electrostatic Charge-pump Circuit

The core of the electrostatic energy harvester was the change in capacitance that occurred
when a finger approached a set of capacitive electrodes. In this section, we discuss an
energy harvesting circuit which pumped generated charge onto an energy storage device. To
understand the effect of the variable capacitance, recall some of the relevant equations from
electrostatic conversion theory (Section 2.3):

Q=CV (3.1)

aQ AV dC

=0tV (3.2)
1 1

E=_-CV?== .
OV =2QV (3.3)

Equation 3.1 defines the charge on a capacitor as a function of voltage and capacitance,
equation 3.2 defines the current, or the change in charge over time , and equation 3.3 defines
the total energy on a capacitor. We first consider a single standalone variable capacitor
(Figure 3.3a) with an existing bias voltage across it. When the capacitance changes, then
the voltage across the capacitor changes because the charge must remain the same. The
resulting change in energy is summarized below, where subscripts ¢ and f refer to the initial
and final states:

Qr=CyVy=0Qi =GV,
Ci
V=gV

1 1
AE = —C;V} — =C;V?
QQﬁg fjm

Cy
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Figure 3.3: A variable capacitor in three configurations.

If this variable capacitance is now connected to an energy storage device, for example
another static capacitor, Cs (Figure 3.3b), we can see the effect of a capacitance change on
this system:

Qi = C;Vi+ CsV;
G+

V= "%
T—cr+c,

Vi

_1 2 1 2_1 ) 2_1 2
AE = 5CVi 4+ 5CVy = 5GVE = 50,

(Cz + Cs)<0f + Cs)
(Cf + 05)2

Although the charge in the whole system is still constant, there now exists a current, or
dQ/dt, that moves charge between the two capacitors. Since the goal is to slowly charge up
energy on the storage capacitor, we are particularly interested in the change in charge and
energy on this element. We will refer to the charge and energy on the storage capacitor with
the subscript .

AE = E;

Qui = O
Quy = CuVy = O% :

Assuming an ideal system where the capacitors did not decay over time, this same amount
of charge would be shuttled back and forth between the two capacitors with every finger tap.
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Figure 3.4: Electrostatic harvesting charge-pump circuit throughout a cycle of operation.

In order to charge up the storage device and keep the energy there, rectifying elements are
needed. In addition, recalling that an electrostatic energy harvesting system requires an
initial bias voltage, it will be important to ensure that this bias voltage is maintained and
replenished when necessary. In order to achieve these two goals, we introduce two rectifying
diodes, Dy and Ds, as well as an initial capacitor charge supply, C,, connected as shown in
Figure 3.3c.

This charge-pump circuit can be analyzed in two phases of operation - an energy harvest-
ing half-cycle and a restorative half-cycle - to correspond with the rising and falling edges
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of the variable capacitor during a finger tap. Figure 3.4 illustrates the movement of charge
throughout this cycle. During the energy harvesting mode, the voltage at the intermedi-
ate node between the variable capacitor and the diodes increases, which leads D; to turn
on and conduct current in the direction of I;. In restoration mode, the original charge is
restored on the variable and initial charge capacitors following the current pathway of I,
through diode D,. The full cycle results in charge pumped onto the storage capacitor while
maintaining the initial energy states of the initial charge and variable capacitors, C, and C,,.
This energy harvesting charge-pump circuit has also been used in applications for harvesting
energy from ventricular wall motion [166], and scavenging energy from evaporation forces in
synthetic leaves [14].

This charge-pumping harvesting circuit was simulated with Cadence Spectre Simulator
and results are presented in Figures 3.5 and 3.6. The variable capacitor was modeled by a
four-terminal voltage controlled capacitor element that varied linearly with control voltage,
and simulated the change in capacitance from a tapping finger at 1 Hz. The diode was
modeled after a commercially available off-the-shelf low-leakage diode (BAS116, Nexperia).
Figure 3.5 illustrates how the variable capacitor influenced the voltage at the central node,
V,, which then forward biased either D; or D, depending on the edge of the capacitance
change. This slowly shuttled charge onto the storage capacitor V,, while maintaining the
charge on the initial charged capacitor, V.. Each finger tap added an additional ‘step’ to the
staircase-like charge-up pathway of the storage capacitor. Due to parasitics in the system,
the charge on the capacitors decayed over time, which was most apparent in the slow decline
of the initial charge capacitor voltage. As with any electrostatic energy harvester, the system
required periodic re-biasing. Finally, the total energy in the system Ej,, or the sum of the
energies stored on all three capacitors defined as £ = %C’VQ, increased over time as the
system harvested energy from the work done to modulate the variable capacitor.

Selecting appropriate capacitance values depends on the application and its requirements,
including how quickly a high voltage must be reached and how often the system can be
re-biased. Figure 3.6 demonstrates how the energy harvesting circuit performance can be
affected by varying the parameters C,, C., and C,. Note that in these figures, one legend
is presented in the Vi plots for each parameter, but this legend applies to all plots in that
column. The first column looks at the effects of a changing variable capacitor, where the
minimum capacitance value stayed constant at 1 pF, but the maximum value varied from
50 pF to 150 pF. This had the largest effect on the storage capacitor, which charged up
faster with a larger change in capacitance. Ideally, we want the largest realizable change
in capacitance, but this is limited by the area and size constraints of an application. The
second column looks at varying the initial charge capacitor, C., between 100 nF and 10
pF. In an ideal circuit, this capacitance would not have any affect on the performance of
the harvester. However, due to parasitics and resistive pathways to ground, the voltage
on capacitors decayed over time leading them to require recharging. The largest possible
capacitor here will increase the lifetime of the device between recharging, but will also require
more energy to initially charge the capacitor to the same voltage. Finally, in the last column,
the effects of the storage capacitor, C are presented over the range of 100pF to 10 nF.
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Figure 3.5: Charge-pumping harvesting circuit simulated results for a C, ranging from 1 pF
to 100 pF, C. = 1 pF, Cs = 1 nF, and initial bias V;=1.
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Figure 3.6: Charge-pumping harvesting circuit simulated results for varying C,, (left), varying
C. (middle), and varying C; (right).

Since the same amount of charge pumped onto a smaller storage capacitor results in a larger
voltage, reducing the size of this capacitor is the fastest way to harvest large voltages quickly.
However, this effect also occurs when a load is connected and a small capacitor results in
faster discharge times, possibly resulting in the voltage quickly dropping below useful values
for electronics. As a result, this capacitor should be carefully selected so that a high enough
voltage can be built up in a reasonable amount of taps, while storing enough charge so that
it can power the load application for however long necessary. Similar to energy harvesters
in general, there is not a one-size-fits-all solution and each element should be designed to fit
the application’s specific requirements.

In addition to mindfully selecting capacitors and diodes, incorporating a convenient bi-
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asing scheme is also crucial. A couple design questions to consider here include:
(1) How often will the bias source be available?
(2) How long will it take to bias the system?
(3) What voltage is achievable?

Due to leakage in the system, the electrostatic capacitors will have to be occasionally re-
biased. The biasing source should be available often enough to periodically bias the system
throughout its lifetime. In addition, most biasing sources have limited bias currents and this
affects how long it will take to recharge a system with a specified amount of capacitance. Fi-
nally, the voltage achievable affects how much energy can be harvested with each modulated
capacitance. Three biasing solutions include periodically recharging with a battery or power
supply, incorporating an electret, and integrating an additional harvesting module. The first
option of recharging is the most inconvenient for the user and is particularly restrictive for
users without reliable access to power. However, energy harvesting can be a useful feature
for elongating the lifetime between recharging for devices which already have batteries. In
testing our electrostatic energy harvester, this option was used to isolate the performance
of the charge-pump circuit in the first PCB prototype. Recalling the goal of demonstrating
a fully integrated single-silicon energy harvesting solution for electronics, electret materials
cannot be fabricated with ASICs. As other researchers have discovered [144, 31, 83], inte-
grating two harvesting techniques into a hybrid structure is effective in providing the initial
bias on an electrostatic converter. Understanding the limitations of commoditized CMOS
foundries, one ready-to-integrate harvester is the silicon p-n junction solar cell. Without
process optimization and very limited space coupled with inconsistent access to strong solar
radiation, on-chip solar cells in CMOS processes often perform suboptimally and generate
open-circuit voltages below threshold voltages of electronics. Integrating a small on-chip
solar cell will allow for the slow trickle charge biasing of our system when light is available,
even at low-levels. The electrostatic energy harvester steps up this energy to useful voltages
through the charge-pump circuit described here. In the next chapter, we will present a PCB
prototype of the energy harvesting system before diving into the discussion of the application
specific integrated circuit (ASIC) chip.
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Chapter 4

An Off-the-Shelf Harvester Prototype

This chapter includes content adapted with permission from the following paper:

“Charge pumping with finger capacitance for body sensor energy harvesting” by A. Y.
Zhou and M. M. Maharbiz [202]

A perennial obstacle to realizing the deployment of the billions of IoT devices expected
in the coming years is power. As established in Chapter 2, one promising solution to power
devices on and around the human body is energy harvesting from kinetic human motion.
Specifically, finger gestures, such as tapping, is a natural means of communication with
devices, and can also generate on-demand energy during use. Our goal is to produce a
complete, operational energy harvesting system integrated with CMOS electronics. Before
designing a custom ASIC for this purpose, a printed circuit board (PCB) prototype was
fabricated with commercial off-the-shelf (COTS) components. The capacitive electrodes to
sense the variable finger capacitance were fabricated directly on the PCB. This prototype
also offers an alternative energy harvesting solution for users who may not have access to
semiconductor foundries but would like to incorporate an electrostatic generator on their
boards.

In this chapter, we discuss a system that transduced the kinetic energy of a human
finger to electric energy through electrostatic charge pumping. Finger proximity altered the
electric field between capacitive electrodes (metal traces) on a PCB, producing a change
in capacitance, AC. This resulted in a current which was rectified through the energy
scavenging circuit presented in Section 3.2. This system harvested 2 nJ per finger tap and,
as an example application, powered a light emitting diode (LED).

4.1 System Materials and Design

Variable Capacitor Design and Theory

Similar to the finger capacitance test PCB board discussed in Section 3.1, the capacitive
electrodes were fabricated on board using standard metal traces. Instead of using a circular
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Figure 4.1: The front and back of an electrostatic energy harvesting PCB. On the front, a
6x5 mm? array of ENIG gold coated traces act as the variable capacitor electrodes. A finger
approaching this grid interrupts the electric field and modulates the effective capacitance
seen at the electrode nodes. The backside houses the electrical components of the energy
harvesting circuit

button, we designed a meandering active electrode to increase finger capacitive effects. We
fabricated this version with smaller than standard spacing (100 pm) between the electrodes
to maximize active electrode area. This variable capacitor electrode consisted of a coplanar
array of circular electrodes with 500 pm radius and 100 pm gap between the active and
ground plates. Twelve of these capacitors were connected in parallel with 350 pm between
each node, forming a 3x4 array. The entire sensor array measured 6x5 mm?, comfortably
fitting in the area under a pad of a finger. The electrodes were finished with ENIG gold to
protect the copper from oxidizing and creating an additional dielectric layer. The electrodes
were exposed without soldermask, and then coated with 2 pm of parylene-C in-house at the
Berkeley Marvell NanoLab. The capacitors were fabricated on standard FR-4 circuit board
material. The backside of the system housed the components that made up the electrostatic
charge-pump circuit. Due to the required margins in fabrication and vias for wire connections
to test equipment, the entire device measured 1x1 cm? (Figure 4.1).

Energy Scavenging Circuit

The energy scavenging circuit (Figure 4.2) applied in this PCB prototype was a modified
version of the one presented in Section 3.2. The initial charge bias was introduced by
manually connecting the system to a power supply through SW;, and periodically recharging
the initial charge capacitor, C.. After the charge capacitor reached the desired initial voltage,
the power supply was disconnected from the system. Then, as a finger tapped on the
variable capacitor, C,, it modulated the voltage at node V; which then conducted charge
through diode D; or Dy depending on which phase of the cycle the variable capacitor was
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Figure 4.2: Schematic of energy harvesting circuit for the application of flashing an LED

moving through. Current through D; deposited charge on the storage capacitor C, which
slowly accumulated this charge and built up its voltage. During this finger tapping charging
period, no load was connected and we saw the effects of the energy harvesting circuit without
compensating for a load current. As an example application, a push-button mechanical
switch (STW5) was connected to the storage capacitor, and when pushed dumped the charge
across an LED and lit it up.

The components of this energy harvesting system were soldered onto the backside of
the capacitive electrode traces. Two low-leakage rectifying diodes were mounted alongside
two ceramic capacitors for the initial charge and storage capacitors. All components were
commercially available and include two silicon low leakage diodes (Diodes Inc, BAS116V)
and ceramic capacitors (TDK Corporation, C10-AC01-E3-KIT, C, = 1 pF and Cs = 10 nF).

Analysis of Devices

Simulations of the energy scavenging PCB were performed with Cadence Spectre Sim-
ulator. The AC of the electrode array was measured using a Hewlett Packard 4428A LCR
meter. Voltages were measured by buffering the nodes of interest with an ultra-low input, ex-
ternally powered current amplifier (Texas Instruments, LMC6001) and recorded with either
an Agilent 34401A digital multimeter or a Keithley 2400 sourcemeter. For the application,
an LED (Rohm Semiconductor, SML310LT) was connected to the circuit through a physical
push-button switch (Mini Pushbutton Switch, Sparkfun). To determine power harvested
from the scavenging circuit without interrupting the system with measurement devices, a
silicon photodiode (OSI Optoelectronic, S-10C) was placed near the LED to measure the
intensity of light emitted. The current of the photoreceptor was measured with a Keithley
2400 Sourcemeter.
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Figure 4.3: The effect of a finger tap on PCB capacitive electrodes as a function of time at
1 kHz (a), and frequency (b).

4.2 PCB Energy Harvester Performance

Finger effect on capacitance

The energy scavenged in our system was dependent on the AC realized by the variable
capacitor, C,. Figure 4.3a demonstrates the AC over time resulting from a slowly tapping
finger sampled at 1 kHz. The capacitance increased from a nominal 1.7 pF to 1.5 nF. This
1000x increase in capacitance was consistent with measured finger capacitances on paper
electrodes [109], and was 7-10x the variable capacitance reported from microfluidic-enabled
energy harvesting [14, 190]. The AC varied with measurement frequency, as shown in Figure
4.3b. As frequency decreased, the capacitance increased non-linearly and the variation of
capacitive readings also increased. Capacitance at low frequencies could not be precisely
measured due to limitations of the LCR meter, but were extrapolated, resulting in a C,qz
of 6 nF at DC. This frequency dependence of the effect of finger proximity was expected
as the charge re-distribution caused by a human finger is frequency dependent [186]. Most
human biomechanic energy harvesting systems operate at relatively low frequencies [99] with
respect to changes on the scavenging circuit.

Cadence Spectre Simulation Results

Using the finger capacitive effects discussed in the previous section, the expected perfor-
mance of the energy harvesting circuit was simulated (Figure 4.4). Specifically, we modeled
the variable capacitor with a C,,,. = 2.9 nF and a C,,;, = 1.5 pF. The rise and fall times
were set to 1 second. The other components were defined as C, = 1 pF, ¢y = 10 nF, and
V; = 5 V. With each tap, the current through the variable capacitor was rectified by D,
and charge was transferred to Cj, resulting in a step increase at V,,;. The current passing
through D, decreased with subsequent taps due to the charging of V,,;, which decreased
the forward bias voltage across the diode. This limited the voltage C could be charged to.
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Figure 4.4: Simulation results for the energy scavenging circuit for the PCB prototype.

If more energy is required, the system could (a) pre-charge C. to a higher V; or (b) use a
larger Cs. Option b enables larger energy storage at the same voltage, but also requires
a longer time to charge up. These tradeoffs must be considered when designing an energy
harvester for a specific application. In addition, it was shown that with the arrangement of
diodes in the energy harvesting circuit, the negative AC does not discharge C. From these
simulations, taps on a discharged storage capacitor resulted in 5 nJ of harvested energy.

Measured Energy Harvesting Results

An example of measured system operation is illustrated in Figure 4.5. Voltages at the
nodes V; and V, were measured and plotted against their expected values. Each finger tap
contributed to the staircase charging pattern of the storage capacitor. Unlike the simulations,
there was much more variability in the energy harvested from each tap because human
error made it difficult to identically reproduce the same AC. In addition, the measured V,,;
saturated at a maximum voltage below the simulated value, most likely due to losses in V;.
There was more rapid decay in the voltage across C,., due to parallel resistances to ground
not adequately represented in the simulation. Due to these losses and finger variability, the
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Figure 4.5: The measured and simulated voltages on the initial charge capacitor, V,,;;, and
the ouput storage capacitor, V.

actual energy harvested was 2.0 + 1.9 nJ per tap for the first eight taps, before it saturated
at Vies=4.3 V.

4.3 Application: Powering an LED

As proof of concept for powering applications, we repeatedly powered a LED with the
energy harvesting system. First, we connected the pushbotton switch (SW3) and LED to
the storage capacitor Cs. Using a multimeter, we measured the voltage profile on Cy (Figure
4.7a). Each tap pumped charge onto the storage capacitor, and after a series of taps, SW;
was closed and charge was dumped onto the LED. During this time, the LED lit up and
we saw the voltage on the storage capacitor decay until it reached 1.2 V. This cycle was
repeated to power the LED six times. Later cycles required more taps to reach similar
storage capacitor voltages because of decay in the initial charge capacitor.

In a separate experiment, we used an electrically isolated photodetector circuit to mea-
sure the power delivered to the LED to ensure there was no current injection or leakage into
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Figure 4.6: Experimental measurement circuit to indirectly determine the power delivered
to an LED by measuring the current collected at a photodetector.

the system from the buffer or multimeter (Figure 4.6). This separate circuit consisted of a
photodetector and ammeter, and experiments were performed in a dark box. The photocur-
rent generated by the photodetector was proprotional to the intensity on the incident light
[115]; and that intensity was, to first order, proportional to how much power was drawn
through the LED load [76]. We measured the current of the photodetector and extrapolated
the intensity of the LED over a 500 second time frame (Figure 4.7b). Each spike seen in this
figure represented one instance of the switch closing and the LED lighting up. The spikes
decreased in both intensity and frequency over time due to decay of charge in the system.
Light pollution through cracks in the dark box resulted in non-zero background intensity.
During these 500 seconds, approximately 2.5x more useful power was harvested for the LED
than initially present in the system at start-up (p<0.01). Figure 4.7c illustrates the power
extracted normalized against the power initially input when charging V; to 5 V (n=5). This
demonstrated the system’s ability to harvest energy from tactile motion to periodically power
a load.

In this section, a PCB prototype of a finger capacitive energy scavenger capable of har-
vesting 2 nJ per finger tap was demonstrated. An LED was used to demonstrate operation
and confirm that energy scavenging was occurring. Two additional components are needed
to make this a stand-alone system: (a) a very small charge source to provide the initial volt-
age on the initial capacitor and (b) an electronic switch between the storage capacitor and
the circuit to be powered. The charge could be provided with dielectric-trapped charge de-
vices (electrets), or a small photovoltaic (which alone would be unable to power the system).
This second option can be fabricated alongside integrated circuits. The system thus lends
itself to monolithic integration with an ASIC or assembly as a mm-scale flexible system.
The following chapters dive into the miniaturization of this system and a custom ASIC for
energy harvesting.
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Figure 4.7: The PCB energy harvesting prototype delivering power to an LED. The voltage
at the storage capacitor charged up with finger tapping, and discharged when the LED
was connected (a). The intensity of the LED measured through an electrically isolated
photodetector circuit (b), and this intensity corresponding to 2.5x additional power extracted
from finger tap energy harvesting (c).
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Chapter 5

Electrostatic Energy Harvesting ASIC

This chapter includes content adapted with permission from the following paper:

“Charge-pumping with finger capacitance in a custom electrostatic energy harvesting

ASIC” by A. Y. Zhou and M. M. Maharbiz [203]

The growth of Internet-of-Things (IoT) systems and shrinking consumer electronics has
generated a demand for battery-less power sources, and harvesting energy from human mo-
tion can be particularly useful for wearable sensors or interactive electronics. As discussed
in Section 2.5, we focused on electrostatic energy conversion due the ease with which these
systems can be manufactured and, importantly, co-fabricated with commoditized integrated
circuits (ICs). Most other energy harvesters use piezoelectric, magnetic, or triboelectric ma-
terials which are not available in traditional, commoditized CMOS foundry processes. As a
result, delivering power from these harvesters to power management and device electronics
requires additional integration steps which can be costly and inconvenient. An important
requirement of body energy harvesting is that the device is unobtrusive to natural motion,
so additional wires and interconnects are undesirable as they can increase weight and size,
while also reducing reliability and efficiency. Electrostatic harvesting requires only a variable
capacitor which is readily incorporated into existing standard fabrication processes, allowing
the energy harvesting module and electronics to be present on a single silicon die.

In this chapter, we leverage these advantages of electrostatic generators and present a
custom application specific integrated circuit (ASIC) chip with built-in finger-capacitance
energy harvesting capabilities on the same silicon die. As a finger approached the device,
a change in capacitance was detected by two nodes of the ASIC. These changes fed into
a rectifying charge-pump circuit which stored the energy on a capacitor. Once enough
energy had been harvested and the capacitor reached the threshold voltage of a gating
switch, downstream circuits were triggered and powered. We demonstrated switching on
and powering a ring oscillator (RO) as a stand-in for generic blocks like a low power burst
emitter or timing circuit.
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Table 5.1: Key system dimensions

Parameter Value

Total capacitive area  11.3 mm?
Circuit active area 0.2 mm?
Solar cell area 0.15mm?
Bond pad area (single) 0.0lmm?
Total die volume 3.9mm?

5.1 ASIC Overview

The ASIC, illustrated in Figure 5.1, consisted of five main components: (1) top level
capacitive metal traces, (2) bond pads, (3) dielectric, (4) lower level metal interconnects,
and (5) active area, which were fabricated on a bulk silicon substrate in a standard 0.18
pm CMOS process. The key dimensions of these components are listed in Table 5.1. The
top level capacitive metal traces were fabricated in metal layers three through six, while the
first two metal layers were reserved for routing between the active circuit components. The
process included insulation between all the metal traces which also served as the dielectric
for the finger-sensitive capacitor. As a finger approached the chip, it modulated the electric
field between these metal traces, which created the transient changes in capacitance used
to drive the energy harvester. The full implemented circuit is presented in Figure 5.2. A
solar cell provided the initial biasing in the system, and this energy was amplified by the
charge-pump circuit driven by the variable capacitor. Energy accumulated on the storage
capacitor, C, until it reached the turn-on threshold of the switch, at which time a ring
oscillator load was turned on and output a series of chirps. In the following sections we
discuss the design and characterization of each component of this ASIC, and the system
energy harvesting performance is discussed in Chapter 6.

5.2 Integrated Capacitor

The variable capacitor is pivotal to an effective electrostatic energy harvesting device.
Because a capacitor is essentially two conductive electrodes with dielectric in between, we
leveraged the top metal layers of a standard CMOS process to create the nodes for this
variable capacitor. Learning from the trends in electrode geometries in the PCB test boards
presented in Section 3.1, we strived to maximize active electrode area. However, integrating
with commoditized CMOS processes had its limitations. For example, the reticle area for
any process limited the absolute maximum size the lithography tools could pattern and etch,
which in turn limited the maximum area of design for a single-chip device. Moreover, since
pricing scaled with area, cost was often a limiting factor influencing the maximum area of
the variable capacitor electrodes. In this specific case, our access to a 0.18 pm process was
limited to a maximum chip size of 5 x 5 mm 2 of area, which was shared between three
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Figure 5.1: Custom ASIC with integrated electrostatic energy harvesting. (a) Model of the
ASIC. (b) Representation of how a finger interacts with the cross-section of the ASIC during
energy harvesting. (c¢) Chip die photo.

different research groups.

In terms of design limitations, each technology node also specifies its own line width
and spacing rules which ensure lithography and etching are executed correctly. This delin-
eated the minimum and maximum size of our electrode fingers as well as the gap between
them. The thickness of metal layers and dielectrics were also defined for each process, which
determined the thickness of the electrodes and the dielectric gap between multiple layers.
Designing within these rules, we defined an interdigitated array of metals traces following the
parameters in Table 5.2. This structure was designed in the top four metal layers (M3-M6),
whereas the first two layers were reserved for connective routing for the circuits. All the
metal layers of the capacitive traces were electrically connected together using contact vias
and encased in the process’s inter-level dielectric (Figure 5.3).

During operation, a finger tapped aperiodically on the ASIC and influenced the effective
capacitance seen at these top level metal traces. These capacitance changes were measured
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Figure 5.2: Energy harvesting rectifying charge-pump circuit with solar cell bias and ring
oscillator load implemented on an ASIC.

Figure 5.3: Top and perspective cartoon view of the integrated variable capacitor electrodes
designed in the metal three through six layers of a CMOS process.
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Table 5.2: Interdigitated variable capacitor electrode parameters

Parameter Value
Total capacitive area 11.3 mm?
Width of active fingers 35 pm
Width of ground fingers 2 pm
Length of fingers 2.6 mm
Gap between fingers 2 pm
# of fingers on ground electrode 104

# of fingers on sense electrode 105

Figure 5.4: Capacitive response of integrated ASIC electrodes to a finger tap.

with an LCR meter (Keysight E4980a) and are shown in Figure 5.4. The nominal capacitance
of the electrodes was 103 pF, and each finger tap resulted in an increase in capacitance to 825-
920pF. As with any human interactive device, we saw a wide range of resulting capacitances
since these changed with finger placement, timing, and operating conditions, such as dirt
and sweat. For designing and analyzing our proof-of-concept system, the average value of
Crnaz=870 pF was used in all simulations.

5.3 Integrated Solar Cell

A well-known disadvantge of electrostatic energy harvesting is the requirement for an
external power supply to initially bias the entire system. Although there were various ways
to address this challenge, including the addition of electrets, piezoelectrics, or triboelectrets,
these solutions were not fully compatible with commoditized CMOS foundry processes. In-
stead, we introduced a very small integrated solar cell module that provided the initial bias
voltage across the capacitors. In order for light to reach this p-n junction diode, we removed
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Figure 5.5: Integrated solar cell IV curves under indoor fluorescent lighting.

all metal (with the exception of contact traces) from above the area of the diode. The total
solar cell area was 0.15 mm?2. Under indoor fluorescent lighting, which represented expected
operating conditions, we characterized the solar cell with a short circuit current of approxi-
mately 47.5 nA and an open circuit voltage of 0.35 V (Figure 5.5. This solar cell provided
charge for the initial bias in the system.

The initial charging of the energy harvesting system by this solar cell was simulated
using the model of a current source and diode. As illustrated in Figure 5.6 the solar cell
charged up the initial capacitor relatively quickly over 5 seconds. Due to the weakly forward
biased diodes, the current through them was limited and the rest of the system took longer
to charge up. An ideal system with ideal capacitors would be charged to the same voltage
of the initial capacitor in approximately one minute. However, the parasitic resistances in
parallel with the capacitors reduced this voltage. Although this initial bias was important to
how much energy was harvested with each fingertap, even a small bias voltage was amplified
through electrostatic harvesting to useful voltages on the storage capacitor.

5.4 Rectifying Diodes

After establishing initial charge across the variable capacitor, each tap created a small
amount of charge movement. This charge fed into the rectifying charge-pump circuit pre-
sented in Figure 5.2. During a charging cycle, the voltage at V; increased; this turned diode
D; on and pumped charge onto the storage capacitor C through a “clockwise” current
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Figure 5.6: Simulation of integrated solar cell biasing the energy harvesting circuit.
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Figure 5.7: Diode isolation structure.

pathway. On the opposing edge of the variable capacitor, V) decreased; this restored the
initial capacitor, C,, and variable capacitor, C,,, to their original states via charge transferred
through diode Dy and a “counterclockwise” current pathway. To ensure minimum leakage
in the rectifying circuit, both diodes were isolated with high-voltage (deep) n-wells (Figure
5.7). We used the standard high-voltage p-n diodes available in our technology node.

The simulation of the energy harvesting performance updated with these specific diode
models and expected capacitance changes (from Section 5.2) are presented in Figure 5.8.
These simulations were performed assuming a leisurely tapping speed of ~25 taps per min-
utes. As expected, charge was deposited on the storage capacitor on each finger tap, which
increased the voltage on the storage capacitor in a stair-case like pattern. We expected the
output voltage across the storage capacitor to reach 1.2 V after one minute of tapping. As
a result, the total energy in the system, defined by the sum of all energies across the three
capacitors (E = 1/2CV?), reached 45 nlJ.

5.5 Ring Oscillator

To demonstrate the energy harvester powering an on-chip circuit application, we imple-
mented a diode-connected MOSFET switch connected to a 17-stage ring oscillator (RO).
The switch was simulated to have a trigger voltage of 650mV. In order for the system to
harvest enough energy to surpass this threshold without having to tap multiple times, we
reduced the storage capacitor to Cs=10 pF. This allowed the system to recognize the energy
harvested and trigger the RO once per tap, creating a self-powered touch sensor. Once the
voltage threshold was surpassed, the RO ouput a chirp, the frequency of which depended
on the storage capacitor voltage. Figure 5.9 presents the output frequency and power con-
sumption of the RO as a function of voltage. With these calibration curves, we deduced the
voltage on the storage capacitor and power consumption of the system from the measured
RO outputs. This ensured no charge was lost or gained at the storage capacitor node due
to connection to measurement equipment.
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Figure 5.8: Custom electrostatic energy harvesting ASIC simulation results.
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Figure 5.9: Ring oscillator calibration curves: frequency as a function of voltage and power
as a function of frequency.

All of these components were fabricated on a single CMOS chip totaling a volume of 3.9
mm?®. The assembly and measured output performance during finger tap energy harvesting
is discussed in the next chapter. Various system applications are also posited.
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Chapter 6

Finger Motion Energy Harvesting
System

This chapter includes content adapted with permission from the following papers:

“Charge-pumping with finger capacitance in a custom electrostatic energy harvesting
ASIC” by A. Y. Zhou and M. M. Maharbiz [203]

“Electrostatic energy harvesting from human interactions with smart paper electronics”
by A. Y. Zhou and M. M. Maharbiz [204]

A CMOS compatible energy harvesting alternative would allow for its integration along-
side already established circuitry and electronics. As devices trend smaller, especially in
wearable sensors and implants, this would be a convenient power solution which would fur-
ther reduce size by eliminating additional ports, connectors, and wires to other battery or
energy sources. The electrostatic energy harvesting ASIC presented in Chapter 5 harvested
energy from a moving body by creating a change in capacitance across two electrodes. For
interactive devices, a natural source of variable capacitance comes from finger movement,
like a tapping gesture. This variable capacitance generated free charge which was pumped
onto a storage capacitor through rectifying diodes. The previous chapter discussed the de-
sign and characterization of the components of this ASIC, including an integrated solar cell
for initial biasing, variable capacitance electrodes, rectifying diodes, and an electronic load,
including a switch and ring oscillator.

In this chapter, we discuss the assembly and performance of the electrostatic energy
harvester in response to human motion. Although this integrated ASIC had numerous
benefits including ease of miniaturization and fabrication beside CMOS circuits, there are
other applications where more energy harvested is necessary. In these cases, the area of the
CMOS fabrication masks can be limiting. To produce a larger change in capacitance, the
capacitive electrodes were extended off-chip and integrated with conductive inks and fabrics.
After presentation of the ASIC, we posit additional applications for this electrostatic energy
harvesting system.
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Figure 6.1: Epoxy applied to wirebonds.

6.1 General System Assembly

To assemble the device for characterization, the ASIC was wirebonded to a custom printed
circuit board (PCB) with test leads out to a sourcemeter (Keithley 2400) for DC voltage
measurement, and digital oscilloscope (National Instruments USB-5133) for ring oscillator
output detection. The wirebonds were mechanically protected and electrically isolated with
a low viscosity epoxy (EPO-TEK 353ND). Small amounts were applied at the PCB end of
the wirebond and encouraged to spread in the direction of the chip manually with a needle.
The surface tension of the epoxy aided it to wick up the length of the wirebond until it
reached the bond pad. At the bond pad, the difference in hydrophobicity of the exposed
metal pad versus the surrounding oxides encouraged the epoxy to ball at the bond pad
without significant spreading on the surface of the chip. Figure 6.1 shows this epoxy, in
amber, coating the wirebonds and not spreading over the chip. Future iterations of this
device can use bumping assembly methods to avoid potential wirebond breakage and reduce
area requirements. In any assembly process, it was important to avoid coating the ASIC with
unwanted materials, which increased the distance between the finger and metal capacitive
traces, reducing the effective change in capacitance. Figure 6.2 demonstrates the effect of
thin films of dielectric over the capacitance. After recognizing the dramatic drop off in change
in capacitance with the addition of any dielectric layer, we decided to forego this layer and
ensured the insulating epoxy protected the wirebonds and bond pads from shorting during
use.

In this system, both the initial charge capacitor and storage capacitor were incorporated
as discrete, surface-mount components for flexibility of testing various values. This allowed
for easier manipulation of these capacitor sizes to fit various applications in the character-
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Figure 6.2: Additional films on top of ASIC reduces the effective change in capacitance
sensed at the variable capacitor electrodes.

Figure 6.3: Fabricated chip wirebonded to a PCB ready for characterization.

ization and experimental phases, and reduced costs since a new chip did not have to be
fabricated to fit each condition. For a fully integrated solution, smaller capacitors can be
fabricated on chip. These discrete components were soldered to the backside of the PCB.
All exposed metal on this component side of the PCB was insulated with UV curable epoxy
(EPO-TEK OG116-31). Both the front and back of the PCB are pictured in Figure 6.3.
Due to standard PCB manufacturing minimum area size requirements, the whole board area
measured 8 mm x 8 mm, and had a standard FR-4 thickness of 62 mils.
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6.2 Energy Harvested from Finger Tapping

We measured the energy harvested over a series of finger taps by tracking the voltage
across the storage capacitor (Cs) with a voltmeter. During these experiments, the capacitor
(Cs = 1 nF) was not connected to any application loads. We tapped the chip with a finger
at a rate of ~25 taps per min and saw a staircase-like increase of voltage on C; (Figure 6.4).
As expected with a human interactive device, we saw multiple energy harvesting pathways
for each experimental measurement due to variations in tapping frequencies, finger place-
ment, and finger conditions. Overall, we saw good agreement with the simulations. Initial
taps showed a voltage increase on the storage capacitor of ~0.12 V. Using the relationship
@ = CV, this means 120 pC of charge was pumped onto the storage capacitor during a
single tap. Since we know the energy of a storage capacitor is F = %CV27 we solved for
7.2pJ of energy transferred to Cy on an initial tap. The energy transfer decreased upon
successive taps because as the charge on C increased, the voltage differential across diode
D decreased, which decreased the current and charge transferred on each subsequent tap.
After approximately 50 seconds of tapping at this frequency, C reached a total stored energy
of 320 pJ at 0.8 V.

Given this data, we calculated approximate power and power density for this device.
Using a leisurely tapping frequency of 25 taps per min, or 2.4 seconds per tap, we estimated
the power the device delivered as

AE
Apmax
At
7.2pJ
AP, = 2P0 sy
o4s P

This calculation considered the cycle time for a whole tap, but we saw that the majority
of the charge was pumped onto the storage capacitor during the first 0.5-1 second of the
tap, while the capacitance was changing. Therefore, we can increase our power delivered
by increasing the frequency of tapping. However, there is a limit that is dictated by how
quickly the system nodes can realize the capacitance change and the speed at which charge
is shuttled. From our results we noted that this tapping frequency limit was ~1 Hz, and
the full capacitance change would not be realized at higher frequencies. We solved for power
density using the chip die volume of 3.9 mm?, which resulted in 769 pW/cm?®. Another
way to increase power delivered by the device is by increasing the variable capacitor area.
Because the finger capacitance is proportional to the total capacitive area of the electrodes,
integrating the touch capacitor onto an ASIC chip limits the area, therefore limiting the
maximum change in capacitance. There are methods to effectively extend these capacitive
electrodes off-chip to other conductive mediums, which will be discussed later in Sections
6.4 and 6.5.

We also approximated the energy conversion efficiency of this system. We estimated the
tip of a finger to be a 1 cm diameter sphere of water, so the weight of this sphere was 0.5 g.
Assuming simple linear motion, we solved for the work exerted.

W=Fxd



CHAPTER 6. FINGER MOTION ENERGY HARVESTING SYSTEM 64

Figure 6.4: Four examples of the measured voltage (solid) and simulated voltage (dotted)
on the storage capacitor during energy harvesting. Each tap pumps charge onto Cs creating
a staircase-like curve.

F=ma
W = (0.5¢) (9.82) (Lem) = 494

Therefore the energy conversion efficiency was defined and calculated as

E
eff = ECS x 100%

tap

eff = % x 100% = 1.5 x 107°%
We expected this efficiency to be very small because even though the finger traveled multiple
millimeters through space in each tap, only the last couple tens to hundreds of microns
did work and effected charge movement in the capacitive electrodes. Therefore, significant
amounts of kinetic energy were not converted. Moreover, a small energy conversion efficiency
such as this ensured that the energy harvesting system was not impeding the natural motion
of the user. This emphasis on minimizing user effort is important for user adoption of any

energy harvesting technology.
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6.3 General Application: Powering Circuits

After validating operation and measuring available power, we tested the ability of the
energy harvester to power an on-chip ring oscillator (RO). We connected the storage capacitor
(Cs = 10 pF) to a diode-connected MOSFET, which acted as a switch and drew very little
current at low voltages. Once enough charge was pumped onto Cy, so that the voltage
exceeded the switch trigger level of 650 mV, the switch closed and powered the RO. The
oscillator ran and drained energy from Cs until it switched off. When the ring oscillator first
turned on, we saw an increase in frequency as the voltage on Cy continued to increased. As
cycles got shorter, the power consumption of the ring oscillator increased. As the RO pulled
more charge from the capacitor, the voltage on C fell, leading to a decrease in frequency.
This push and pull between harvested charge from finger capacitance and current draw from
the RO resulted in each finger tap creating a series of chirps. In order to record these chirps,
we used an externally-powered buffer to drive the signal into an oscilloscope. The results of
ten finger taps are shown in Figure 6.5 with subplots showing a zoomed-in view of a single
tap, followed by a single chirp. The RO output frequency ranged from 80 Hz to 30 kHz.
Using the RO calibration curves (Figure 5.9), this measured output implied the load in the
system consumed between 37 pW and 9.4 nW of power. These frequencies also correspond
to harvested C; voltages of 625-890 mV. We saw that this trigger voltage was lower than
our simulated 650 mV, which was due to a combination of process variation during chip
fabrication and power draw from the electronic switch. A mechanical switch with zero open-
circuit power consumption could replace this transistor to maximize the power delivered to
the application. This system demonstrated a proof-of-concept for automatic activation of
an electronic circuit upon integrated electrostatic energy harvesting.

In this section, we presented an integrated system combining electrostatic energy harvest-
ing with electronics in a single standard CMOS fabrication process. This device harvested
kinetic energy from a finger tap to power a ring oscillator. One potential use case of this
system was integrating it with a bandaid (Figure 6.6 and using it to help power an impedance
sensing system for wound healing. As with any electrostatic energy scavenger, harvesting
was limited by resistive and capacitive parasitics. These losses can be reduced with use
of more advanced fabrication technologies, such as dielectric trench isolation or native sili-
con isolation which were not available in our technology. Moreover, since harvested energy
increased with area, this system was also constrained by area limitations of the CMOS fabri-
cation process. However, the capacitive electrodes can be easily extended off-chip to various
conductive mediums such as conductive fabrics and conductive inks, which will be discussed
in the following sections.
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Figure 6.5: The RO output signal from being powered by charge-pumping with finger capac-
itance. Ten finger taps produces an activation of the RO (top). Each tap consists of a series
of chirps (middle). Each chirp varies in frequency with modulating C; voltage (bottom).
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Figure 6.6: The energy harvesting ASIC incorporated with a bandaid as a potential use case.

6.4 Proposed Application: Harvesting from
Conductive Fabrics

Electronic textiles is a growing field of research [49, 163]. It involves the integration of
electronics on fabrics to create a class of smart fabrics. As electronics pervade everyday life,
the goal of these smart fabrics is to create a platform where computing can be worn on the
body as part of a casual outfit. These types of e-textiles could have applications in numerous
fields including healthcare, military, sports, and consumer goods [49]. Indeed, there have
been developments in using smart textiles for ECG monitoring [129], heart rate sensing [23],
wound monitoring [123], and communications with wearable antennas [149]. Most traditional
batteries are not suited for these applications due to their weight and bulkiness, in addition
to their generally rigid structures which do not match well with stretchy, wearable fabrics.
Although there have been many improvements for flexible and stretchable power sources
for wearables [193], energy harvesting can again be a good alternative to provide power
for electronic textiles. There have already been significant research into nanofabricated
triboelectric fibers which can be integrated with fabrics (see Table 2.8). In this section,
we offer electrostatic energy harvesting with conductive fabrics as an alternative energy
harvesting system.

One of the limitations of integrating the entire energy harvesting system on an ASIC was
the area restrictions of the capacitive electrodes. Here, we electrically connected the active
capacitor node to a bond pad, which was then wirebonded off-chip and connected to a 20
cm X 20 cm sheet of conductive fabric (Knit Conductive Fabric - Silver, Adafruit 1167) with
an alligator clip. The conductive fabric had a resistance of <1 2 per foot. The fabric was
insulated by depositing 2 pm of parylene-C. This reduced the elasticity of the fabric, and
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Figure 6.7: Conductive fabric tied to active electrode node on ASIC can operate as a variable
capacitor with hand capacitance.

we would recommend alternative dielectric coating methods (like sprays and more elastic
polymers) for wearable applications.

During operation, the user palmed the fabric with their whole hand and created a change
in capacitance (Figure 6.7). Although only the active electrode was extended off-chip in
the form of conductive fabric, the user was still connected to the ground electrode through
their body capacitance. More complicated coplanar electrodes can be fabricated on textiles
through processes such as weaving or screen printing various dielectric materials inbetween
the conductive fabric. As a user palmed the fabric, the diodes rectified charge to the storage
capacitor, and the voltage across this capacitor was buffered to a voltmeter. The performance
of the conductive fabric energy harvester is presented in Figure 6.8. Since the area of the
electrode was significantly larger and utilized the whole area of the hand, the change in
capacitance was much larger. This led to more charge being pumped on the storage capacitor
with each tap. We presented this charge up structure for two storage capacitor values. As
expected, the voltage on the larger storage capacitance (Cs = 1 nF) increased much more
slowly due to the relationship ) = CV. The smaller capacitor (Cs = 100 nF) charged up
much more quickly, with initial taps building 350 mV per tap. This rapid charging caused the
measured voltage to soon surpass the range of the buffer, causing it to flatten at 40 seconds.
Using the equation for energy on a storage capacitor, this system harvested 6 nJ stored
per tap. After forty seconds of tapping, the total energy stored by the fabric electrostatic
energy harvesting system was 560 nJ and 117 nJ on a 100 nF and 1 pF storage capacitor,
respectively.

This system illustrated how expanding the area of the variable capacitor electrodes in-
creased the energy harvested of our system. The ASIC could still be leveraged with these
fabrics since we believe it was small enough to be imperceptibly integrated onto a logo or tag,
without affecting the comfort of the cloth. Moreover, demonstrating the various charge-up
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Figure 6.8: The measured voltage on a storage capacitor charging up with a hand palming
conductive fabric for two storage capacitor values.

patterns for different capacitance sizes exemplified how these values should be designed to
fit the applications’ needs.

6.5 Proposed Application: Smart Paper Electronics

As smart devices permeate everyday life, there is an increasing number of consumer
products with embedded electronics [108, 151]. This electrostatic energy harvesting system
could be integrated with many of these smart objects to create an additional energy supply.
Instead of relying solely on the integrated capacitive electrodes on the top metal layers of
the ASIC, the variable capacitor nodes were routed to bond pads which can be electrically
connected to any conductive material. There exist various types of conductive inks and
paints which can be applied to many objects to extend the variable capacitor electrodes onto
these items. Paper, in particular, is a target as an electronics substrate due to its low cost
and wide availability [170, 156].

There is significant research into the concept of interactive paper, such as a paper In-
vite which turns into a musical instrument [155], paper-based capacitive touch pads [109,
93], paper embedded LED circuits [156], and paper-based computing through pop-up books
[134]. Clinically, paper-based analytical devices (PADs) have attracted attention as an in-
expensive, lightweight, and disposable alternative for diagnostics. Electrochemical PADs
have been developed to detect HIV [196], diabetic ketoacidosis [173], and nucleic acids [32].
Although these technologies have developed paper-based, disposable diagnostic arrays, they
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still require connecting to a separate potentiostat or glucometer to analyze the results. If we
can combine these two technologies and add both electronics and electrochemistry to paper,
we can conceive a full lab-on-paper system. One limitation of many of these systems is the
requirement to be tethered to a power supply or battery, which undermines the portable
and lightweight qualities of PADs. Harvesting energy from natural human gestures, such as
tapping, enables the user to self-power these paper devices.

In this section, we demonstrate a method for self-powering interactive paper products
with an electrostatic energy harvesting system. Conductive inks painted in various designs
on paper acted as electrodes, creating a variable capacitor with the human body through
finger tapping. This energy was transduced to electrical energy through the ASIC, resulting
in a system that maintained the integrity of the lightweight and flexible feel of the paper
substrate.

Designing Variable Capacitors on Paper

Electrostatic energy harvesting leverages a variable capacitance to pump charge onto an
energy storage device. These electrodes can be defined by any type of conductive material
with a dielectric in between. Traditionally, paints and inks are used with paper to convey
information. Painting conductive ink on paper also creates flexible electrodes which can
be easily incorporated into any paper product. Electrodes of various shapes and sizes were
manufactured by laser cutting paper stencils (Universal Laser Systems VLS2.30) and hand-
painting them onto standard printer paper with a nickel based conductive ink (MG Chemicals
841AR Nickel Super Shield Conductive Coating). Growing popularity of these conductive
products [29] allowed for easily accessible and relatively cheap options for adding capacitive
electrodes to materials like paper.

A large change in capacitance was important for a high-performing energy scavenging
system. Commercially available conductive inks allowed for quick iterations of various elec-
trode designs on common materials such as paper. Shapes and sizes were easily altered and
reprinted, unlike previous systems where metal traces were defined on PCBs or integrated
on-chip with CMOS devices. The five designs in Figure 6.9 were fabricated and Table 6.1
shows the change in capacitance as a finger, or palm for the larger design, approached the
electrode.

As expected, larger designs like the diamond geometry resulted in a larger change in
capacitance since there was more area in the palm of the hand. We also saw that designs
with coplanar active and ground electrodes present on the paper (Diamond, Spiral) had a
larger change in capacitance, about 100x, compared to the designs where only the active
electrode was present (Square, Circle, Cal Bear). This was expected and corresponded well
with our previous test structures on PCB (Section 3.1). For fingertip-sized active electrode
designs which were more likely to appear in portable paper products like PADs, or in paper
consumer goods, like children’s books, we measured a 2-3x increase in capacitance. In
addition, the Cal Bear electrode demonstrated that the electrode could be more complex than
standard geometries and still be effective in creating a change in capacitance. The resolution
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Figure 6.9: Painted conductive ink electrodes on paper. Designs of various shapes and sizes
are easily prototyped.

Geometry Size Cmin | Cmax
Square side = 9 mm
Diamond Spacing = 4mm 25 pF | 3.2 nF
Total area = 86 x 95 mm
Square Side = 15 mm 17 pF | 37 pF
Circle Radius = 15 mm 23 pF | 48 pF
Radius = 20 mm
Spiral Line thickness = 1 mm | 11 pF | 1.1 nF
Line spacing = 1.5 mm
Cal Bear Tal}llgi‘; pose " 28 M3 0k | 36 pE

Table 6.1: Change in capacitance for electrode geometries on paper.

and thickness of the paint layers in this prototype were variable due to being painted on
manually with a brush. With different conductivities, this resulted in varying capacitances,
even for similar sized electrodes. If necessary, the uniformity and resolution can be improved
by screen printing or doctor blading, although these techniques may incur additional costs.
It is also meaningful to note that these inks could be printed on other flexible substrates
[112, 136], like polyethylene terephthalate (PET), which is used in wearable biosensors [47].
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Figure 6.10: Cartoon schematic of full energy harvesting system for interactive paper.

Paper-Harvester Integration Assembly

In order to maintain the flexibility of paper and reduce the mass attached to paper,
the ASIC was assembled directly onto the paper without a PCB. Figure 6.10 illustrates an
overview of the system. The custom ASIC die was silver epoxy (EPO-TEK EJ2108) bonded
to the paper, and wire bonds were attached with one end to the chip bond pad and the
other end truncated and left floating. The ASIC end of the wirebonds were fortified with a
UV curable epoxy (EPO-TEK OG116-31). Because the active electrode node was connected
to the large on-paper electrode, and that was the point of contact with the finger, we were
less concerned with depositing dielectric material over the chip itself. The opposite floating
ends of the wirebonds were then manually attached to the paper with silver epoxy, followed
by the surface mount capacitors. The capacitors in the harvesting circuit had values of C.
= 1 pF and Cy = 10 nF. The selection of a Cy value is dependent on the application and
will offer tradeoffs between leakage and charging speed. All components were electrically
connected with silver epoxy traces. Future iterations can use more elegant integration with
printing conductive ink tracks followed by bump bonding or conductive potting for a smaller
footprint and to avoid potential wirebond breakage. Two 10 mil silver wires (A-M Systems
787000) were attached to the circuit for output signals, and finally the chip was coated with
the UV curable epoxy to ensure robustness.

To address the need of a source voltage to initially bias the capacitors, we again utilized
the on-chip integrated solar cell. During these system experiments, a different version of the
ASIC was used with fewer photodiodes in parallel, leading to an open circuit voltage of 0.34
V and a short circuit current of 19 nA. Using Spectre Circuit Simulations, we found that the
system required approximately 20 seconds to charge up due to the capacitances in the system
and the low bias voltage. This solar cell, in addition to the rectifying diodes and wirebond
pads, resulted in an area requirement of 0.84 mm?. This small footprint coupled with thin
form factor (wafer thinned to < 300 pm thick) meant that this chip could be incorporated
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Figure 6.11: Electrostatic energy harvesting system on paper. The ASIC is assembled di-
rectly on paper maintaining its flexible and lightweight qualities. The harvesting system
continues to work after bending.

almost imperceptibly on most paper products. Others interested in integrating this method
of energy harvesting without access to foundry CMOS processes can use commercial-of-
the-shelf (COTS) components, which will require a larger footprint, but can be similarly
incorporated using conductive epoxies and inks.

Paper-Harvester Performance for paper-based devices

The Cal Bear electrode design was combined with the custom ASIC and energy harvesting
circuity to create an operational energy harvesting system. Figure 6.11 shows the completed
device, which measured 40 mm x 15 mm and added < 500 pm to the thickness of paper at
the chip location. This system remained light and flexible, like paper. In fact, the system
continued to harvest energy even after bending. This assembly can be further reduced in
size by alternative integration techniques, like bump bonding instead of wirebonds, and
additional wafer thinning.

As a finger approached the Cal Bear insignia, the change in capacitance drove the electro-
static harvesting circuit and pumped charge onto the storage capacitor. Figure 6.12 shows
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Figure 6.12: Test set-up to measure voltage across the storage capacitor.

the measurement setup system with the storage capacitor nodes directly connected to a
sourcemeter in voltmeter mode. Figure 6.13 demonstrates four examples of how the voltage
on the storage capacitor charged up with finger taps. Although each charging pattern was
not perfectly repeatable due to dissimilar timings, placements of the finger, and conditions
(sweat, dirt, etc), the system reached a consistent voltage of 1.3 V after approximately six
taps. As the voltage approached the asymptote, the energy harvested per tap decreased
because the voltage differential across D; decreased. This resulted in a total harvested en-
ergy of 8.5 nJ. It is important when applying this energy harvesting technology to consider
worst-case scenarios because, as this data showed, energy harvested can differ from tap to
tap and day to day, depending on varying finger and environmental conditions. We also
saw a deviation from the ideal stair-case like structure of charge pumping due to a decrease
in voltage between taps. This was because the voltage was not buffered into the voltmeter
which led to a decay time constant of 7 = RxC ~ 100MQ % 10nF = 1s. We can extend this
measured lifetime by increasing the storage capacitor size or adding a buffer.

In this section, we demonstrated a finger-tapping powered system for paper-based devices.



CHAPTER 6. FINGER MOTION ENERGY HARVESTING SYSTEM 75

Figure 6.13: Four examples of how the storage capacitor voltage steps up with each finger
tap on paper devices.

This technology allowed for tiny harvesting circuits to be integrated with conductive ink on
paper, which maintained the thin, flexible, and lightweight qualities of the medium. Our
system harvested 8.5 nJ at a voltage of 1.3 V. Given the size of the finger, the energy density
was 50 pJ/mm?. This is about 20x less than the 1 nJ/mm? energy density of a single layer
of a piezoelectric polymer harvesting system [125]. Despite higher energy densities, there
are applications where electrostatic harvesting is better suited. For example, piezoelectric
polymers are generally more expensive ($10/g for P(VDF-TrFE) from PolyK Technologies vs.
$0.22 /g for conductive paint). Moreover, the poling required to functionalize the piezoelectric
polymers in [125] require high voltages which is not always accessible. Currently, our device
would be able to power simple circuits such as ring oscillators [107] and has the potential to
harvest more energy with larger electrode designs.

In this chapter we presented a stand-alone electrostatic energy harvesting ASIC capable
of powering a ring oscillator on the same die. This system was incorporated with other
substrates through conductive mediums such as inks and fabrics.



76

Chapter 7

Conclusion

7.1 Summary

In this dissertation, we have described an energy harvester that was co-fabricated with
commoditized integrated circuits. We discussed the theory and merits of four kinetic energy
conversion methods - piezoelectric, electromagnetic, electrostatic, and triboelectric. In brief,
piezoelectric and triboelectric transducers can achieve high built-in voltages using unique
materials that exhibit piezoelectric and triboelectrific effects. Electrostatic transducers can
also output relatively high voltages but rely on an externally applied bias voltage and chang-
ing capacitance to harvest energy. Electromagnetic transducers can output high currents and
relatively low voltages using a changing magnetic field with respect to a conductive coil. With
the goal of designing an integrated energy harvester, electrostatics was the most attractive
option due to its compatibility with ICs.

To demonstrate the advantages of electrostatic transduction, we designed, fabricated, and
tested an electrostatic energy harvesting ASIC. Without the need for incompatible piezoelec-
tric, triboelectric, or electromagnetic materials, we incorporated capacitive metal electrodes
directly into the top metal layers of a standard 0.18 pm TSMC fabrication technology. A
finger tap modulated the effective capacitance seen at these electrode nodes, which drove
a charge-pump circuit. In this way, the kinetic energy of finger tapping was transduced to
electric energy to charge a circuit. The ASIC had a power harvesting density of 769 pW /cm?
and, as proof-of-concept, powered a ring oscillator which output a series of chirps. With all
components fabricated on the same silicon die, the need for interconnects, complex pack-
aging, and additional fabrication was eliminated, which reduced size, weight, and costs for
devices.

Additionally, we demonstrated this technology’s versatility by extending the electrodes to
conductive traces, fabrics, and inks. This is useful in applications where the CMOS die area
is limiting, and the electrode area must be larger to increase energy harvested. Extending the
electrodes off-chip with various conductive mediums expanded the active area and amplified
the effect of body capacitance. The availability of these common conductive materials allows
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for convenient integration with many existing electronic systems. We envision embedding
a series of these energy scavenging motes into everyday objects, such as books, textiles,
wearables, or other consumer goods, to create smart, interactive, self-powered devices.

7.2 Future Directions

The human body can be a very useful source of energy, if scavenged correctly. Kinetic
energy harvesting of body motions can be supplied on-demand by the user, reducing their
dependence on other power sources, such as solar radiation or chemical potentials of batteries.
However, a number of technical challenges remain before the commercial deployment of
electrostatic energy harvesting ASICs.

Human and Environmental Variability

The finger capacitance effects presented throughout this dissertation were performed by
a single user on a lab benchtop or desk. Therefore, the results were specific to her unique
finger, body capacitance, and environment. Similar to most devices which rely on user in-
teraction, the variability of motion between humans leads to a difficult engineering problem.
Even within a single user, these variables are constantly changing with both external condi-
tions, such as sweat and dirt, and internal conditions, such as dehydration or edema (swelling
caused by excess fluid). This creates uncertainty in the expected variable capacitance from
the user, and can directly affect the energy harvested. This unpredictability is amplified
when designing for multiple users, all with different shapes, weights, sizes, and body compo-
sitions. Additionally, the local environment of the user can effect the response of the energy
harvester. For example, wearing nitrile gloves acted as an additional dielectric layer between
the capacitive electrodes and the body capacitance, therefore reducing the change in capaci-
tance. Leaning against a large conductive plate, such as a metal desk leg, acted as a ground
node which enhanced the effect of the finger capacitance. To ensure consistent performance
over a wide range of users, more research and testing must be conducted with many volun-
teers in routine environments. In general, conditions reducing the change in capacitance will
be more difficult to resolve because less energy will be harvested and the user may have to
repeat the harvesting motion multiple times. Conditions that result in larger than expected
capacitive changes have the benefit of harvesting more energy, but power protection should
be integrated to ensure the the circuits are not damanged by unexpected power spikes. The
system should be designed with large margins of operation to ensure proper functionality for
the general public.

Lifetime Reliability

The longest presented continuous use of the electrostatic energy harvesting ASIC was 50
seconds in Section 6.2. Experiments were repeated on the same ASIC chip multiple times
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over the course of one week, which contributed to the variation between charge-up pathways,
but no consistent trends were detected. However, visual inspection of the chip showed debris
and particles (skin cells) deposited on the surface of the chip. A thick layer of this buildup
would result in increased distance between the finger and electrode, which decreases the
effect of finger capacitance. Because longevity is important to many interactive devices, it
is necessary to better understand the effects of debris buildup over time on the ASIC. One
solution could be to package the device in a thin-film protective layer, such as parylene, and
request that the user periodically rinse and clean the device. Another consideration is the
durability of the bare silicon die, which can be chipped and scratched over time. Using epoxy
to build up a barrier around the chip can help prevent it from being physically damaged.
Selecting a protection method and understanding the reasonable lifetime of the device will
depend on the application and environment of the energy harvester.

Adaptation for Multiple Process Nodes

The TSMC 0.18 pm technology which was used to fabricate the electrostatic energy
harvesting ASIC was first offered in 1998. Today, many commercial electronics are fabricated
at much smaller nodes, such as the 65 nm, 28 nm, or the 5 nm process node which was
released in 2019 [102]. Integrating the electrostatic harvester module with each process
node will require adapting the capacitive electrodes to meet the different design rules of the
technology. Some design rules which may affect electrode geometry are listed below:

e Number of metal layers

Thickness of metal layers

Thickness of dielectric

e Minimum and maximum metal width
e Minimum and maximum metal area

e Minimum spacing between metal

These rules will affect the number of layers that can be stacked for the electrodes, the
width, thickness, and spacing of the electrodes, and the total area that can be dedicated to a
capacitor plate. Therefore, both the nominal capacitance and the effect of finger capacitance
will be different.
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Enhancement of Energy Harvested

The ASIC presented in Section 6.2 delivers 3 pW of power (7.2 pJ of energy per tap)
on a 1 nF storage capacitor. Given that many applications will require more power, we
posit three ways of improving the energy scavenger including (1) increasing the bias voltage,
(2) increasing the effective capacitance change, and (3) reducing the parasitic losses in the
system. The initial bias voltage can be amplified by series connecting multiple photovoltaic
solar cells. Although substrate leakage prevented the voltage from stacking for series con-
nected solar cells in the current fabrication technology, an array of integrated silicon solar
cells in a trench-isolated SOI CMOS process can output up to 140 V [142]. Different elec-
trode geometries can also enhance the effect of finger capacitance. Section 3.1 compares the
change in capacitance for a range of sizes and separation distances for a circular electrode.
There are many different electrode configurations, such as diamond, spiral, and rectangular
patterns in addition to the interdigitated comb shape used in the ASIC. Hu and Yang showed
that these different geometries have significant effects on the sensitivity of capacitive sensors
[63], which implies different capacitance changes. In addition, due to the multi-metal layers
included in ASIC technologies, complex 3D structures beyond co-planar electrodes can be
investigated. Finally, the substrate losses through our ASIC can also be reduced with more
advanced fabrication technologies such as dielectric trenches or native silicon isolation which
were not available in our technology. Integrating small initial and storage capacitors on chip

can also reduce some resistive pathways and parasitic capacitances from the interconnects
and PCBs.

Off-chip Harvesting Applications

Beyond a fully integrated energy harvesting ASIC, electrostatic energy harvesting can
be integrated with various conductive materials. Sections 6.4 and 6.5 present two examples
in the form of conductive fabrics and conductive inks on paper. Extending the electrostatic
electrodes off-chip typically increases the capacitive area which results in larger capacitive
changes and more harvested energy. These applications have similar challenges to the ASIC,
including environmental variability and longevity. For example, the parylene insulation layer
deposited on the fabric cracked and delaminated after mechanically stressing the fabric.
Moreover, integrating off-chip electrodes requires more complex packaging and interconnects
to the electronics. Although the wirebonding and conductive potting presented with the in-
teractive paper devices (Section 6.5) is one solution, this method has a number of potential
failure modes. With repeated bending of the paper, the wirebonds could break, the epoxy
could chip, and conductive traces could be severed. One better solution is screen printing
thin, flexible, conductive traces and bump bonding the ASIC directly onto the substrate.
This method would also reduce the area required to assemble the ASIC. This is one exam-
ple of many packaging considerations for deploying the electrostatic harvester with off-chip
electrodes.
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Closing Remarks

While more effort is required to understand these challenge areas, this work demon-
strated the principle of a CMOS integrated electrostatic harvester. We believe this thesis
represents an alternative to more common piezoelectric, triboelectric, and electromagnetic
energy harvesting technologies. Our electrostatic technique provides unique advantages in-
cluding fabrication alongside rectifying circuits and application electronics, removing the
need for additional connectors and assembly. Finally, we believe focusing on small, aperiodic
motions such as finger tapping, as opposed to walking or shaking hands, minimizes user
effort and leverages actions already common for interacting with devices. We hope that fur-
ther development in reducing power requirements of electronics coupled with this technology
will enable the deployment of integrated electrostatic generators with everyday interactive
electronics and wearables.
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