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Energy Harvesting from Human Motion for the Powering of

Implantable, Wearable, and Peripheral Electonic Devices

Nathan Lowell Sharpes

ABSTRACT

In the past two decades, the miniaturization of highly functional electronic devices has
yielded the present condition where such devices are light enough, have a long enough battery life,
are robust enough, dreven stylish enough to hdilized for extended periods of time. Such
devices can monitor activity and various bodily vital signs, and/or provide assistive actions. Due
to theinterrelationship betweepersons and assistive electronic devides exanned whether
the actions (human motion) themselves can be used to power the electronic devices assisting those
very actions.Such functionality results in a synergisficwiwn no6 i nteracti on,
systems where trae#ffs are pervasivelhese inéractions are studied in the context of the three
types of solution spaces in implantable (inside the body), wearable (on the body), and peripheral
(outside the body) devices. Specifically, it is studied whether heartbeats can power the pacemakers
regulatng the heartbeat; whether walking can power the portable communication equipment
guiding the path; and whether movement withisraart building canpower the occupancy
measurement irmutomatic occupanegrive lighting and climate control systems making the
building habitabley/et energy efficientNovel energy harvesting solutions are developed for each
category, with the impetus of harvesting sufficient energy to perform the desiredriumittiout

encumbering the body.
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1 INTRODUCTION

In the past two decades, the miniaturization of highly functional electronic devices has
yielded the premnt condition where such devices are light enough, have a long enough battery life,
are robust enough, and even stylish enough to be utilized for extended periods of time. Such
devices can monitataily activity and various bodily vital signs, and/or prad&iassistive actions.

Due to the interrelationship betweam i ndi v i dandaassiBtive eledronic dewvises, it is
examined whether the actions (human motion) themselves can be used to power the electronic

devices assisting those very actions.
1.1 Definition of an Energy Harvester

In its simplest definition, an energy harvester is any mechanism, devi¢céattcaptures
(harvests)wasted energy, to perform some useful workhis work could be performed
immediately, or thénarvestecenergycould bestored to be used at a later time.the past two
decadeswith the groving prevalence of electronic devices, ftoeus ofenergy harvesting has
beenconvertinghe source form of energy into electricityr the recharging of batteries/capacitors
or directy powering electronic devicedoday, the focus of research in the field of energy
harvesting is almost exclusively concerned witie integration of adequate energy harvesting
mechanisms/transducers with the intended platform (source of enbriggraton challenges
dominate the implementation.

Energy harvesting may be thought of as a relatively new field, since it is only in the past
few decades that circuit technology has a#dwlectronic devices to functioat low levels of
power,however thadeaof capturing ambient energy is over a millennium old. By the definition
provided in the previous paragraph, the first water wheels would be classified as energy harvesters,
usingthe energy of flowing water, which typically goes unused, to perform thelusefk of
grinding grain into flour, cutting wood or stone, transporting loads,S3xme centuries later,
windmills were also realized to perform the same ta3kese examplesf mechanical to
mechanicaknergy harvestinfpave been practiced for a lotighe, along with other harvesting
techniques not involving a conversion of energy from the source feomexample, the thermal
to thermal harvestingising underground temperature differentials with the surtadeeat/cool

dwellings and preserve foo&ince the discovery of electromagnetic induction, and ensuing
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discoveries of piezoelectric, photovoltaic, thermoelectric, etc. materials, the focus of energy
harvesting technology has been on converting available forms of waste energy into electricity.

In discussing the definition @n energy harvester is, it is also useful to talk about what an
energy harvester is not. Any device which forces a system to perform more work than what would
naturally occur, would constitute a deliberately powered devitemrember energy harvester
capture waste energguch deliberately powered systems would certainly include those powered
by fossil fuels, and even some typically cons
nuclear power. In the context of this wpdevices like pedal powered or hand crank generators,
which demand a person perform additional work for the sake of power produatesmot
considered energy harvestefiough, if one were to use an exercise bicycle, where resistance is
applied througtelectrical damping from a generator, that could be considered an energy harvester
since the goal is exercise and that energy is typically wasted.

1.2 Classification of Energy Harvesters

The preceding example brings to light the fact than an energy hargefitedamentally
coupled, by definition and by design, to its applicatiodeed, the two arelosely relatedsince
an energy harvester cannot exist withan ambient energy source from which to derive its energy.
Therefore, the applicatioplatform, or source of energyis of the utmost importance in energy
harvestingPerhaps there is no applicatiaere this is more true than harvesting energy from
humans. This is because we are particularly adept at sensing changes in our environment, with
movementsboth in terms of organ function, and gait, to minimize enexgpenditure.

Being an especiallgensitive system to harvest energy from, particular attention must be
paid to the effect an energy harvester would have on the Bodynderstand the conseaque of
harvesting energy from the body, or more broadly the consequence of transferring energy from
one system to another (in this case the body to the energy hanthsttrgory of maximum power
transfer is presentedhis broad theory provides the grawork for the levels of power and
efficiency which can be expected when transferring energy from one system to another or
converting energy from one form to anoth@rWhile the maximum power transfer theorem does
not provide a total understanding of energy trarsfier should not be explicitly taken as s{4h,

it does provide a useful tool for explainingteffects of energy transfer on a source.



Maximum power transfer theorem is most easiylained in the context of an electrical
system, using the equivalent circuit modiebwnon the leftin Figurel.1. Here, avoltage source
with internalresistancés attached ta load resistanc& which it is transferring poweHere,this
power transfer theorem is being described in terms of electtioayghit could also be described,
thermally, chemically, or mechamity, where the electrical potential (voltage) could be
considered as mechanical potential, and electrical resistanseeredas mechanical damping.
With respect to thgivencircuit model, the efficiency of power transfer,is the ratio of the input
and output potentials, or,

s & Y i
w Y Y

wherew and'Y are the source voltage and resistance, respectively, Whigethe load resistance

(1.2)

andw the resulting load potentialhe power transferred to the load is tlygren as

. 6
g - 1.2
b 8 (1.2

Having defined power and efficiency, the resultamves areplotted inFigurel.1 as a
function of the ratio of load to source resistance. The abssiggasented as a ratio, because in
energy harvesting the source characteristics (in this case resistaneedyrsiice only ambient
energyis derived, and the load resistance is dictated by the design of the energy harvester device.
Power is also presented as the ratimsfantaneoupower to maximum power, because the level
of power delivered to the load dictated by theavailablesourcepower, and so it can be easily

compared to the level of efficiency, also on a zero toscaé
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Figure 1.1 7 (Left) Equivalent circuit modefor power transfer between awce and a load.
(Right) Graphical representation of maximum power transfer theorem with power and efficiency

as a function of the ratio of source and load impedances.

From Figure 1.1 it can be seethat for loadresistances much smaller ththe source
resistance, that neither an appreciable level of power transfer or efficiency is realcaurdst
when the load resistance is much larger than the source resistance, power transfer is higher, though
not optimal, but efficiency is much greatdtrshould be noted thamnominally larger value of load
resistance corresponds to a smaller load (in terms of effect) on the source systece @rdai
As load resistance increade infinity (opencircuit), powettransfer tends to zero, wliefficiency
tends to ongon a zero to one scaleln the region where load and source resistances are
approximately the same, the maximal power is transferred and efficiency is arouridés@%the
discussion is given in terof resistance for simplicity, though the discussion in terms of impedance
(i.e. inclusion of inductance or capacitance, or mass and stiffness in mechanical terms), also holds.
In interpretingFigure 1.1, three difinct regions present themselves as a function of applied load
in the form of Small Load, Optimal Load, and Overloaded systems, which are colored according
to their region.

Small Load type energy harvestene those which harvest much less energy than th
source can output. Since the level of harvested energy is much less than the energy output of the
source system, this type of harvester only has a small effect on the 3twredficiency of energy

transfer is thus higher than other source to load dapee configurations. Since the load on the
4



system is so small, the harvester can be designed with few considerations for the source in mind,
as the consideration of small power transfer is already made. Small Load type harvesters make up
the bulkof energy harvesting deces.

Optimal Load type energy harvesters are those which harvest as much energy at any given
instance as the source carstainHere, the influence of energy conversion rivals the power of the
source systemThe source is impeded somewh#hough not enough to compromise its
functioning.Since the impedances are matched in an optimal load system, power transfer is the
highest possibleThis type of energy harvester is employiedcommercial power generation
systems, like hydroelectric powpglants and windmills.

Overload type energy harvesters those which attempt to harvest more energy than the
source can sustaiithis situation has a clamping effect on the system, which tends to slow the
source system down. Therefore, the source dam@amntain its original power level.¢. power
levelwithout the energy harvester), and subsequently there is less energy available to be harvested.
Examples of this type of harvester include regenerative braking systems in cars, and door closer
mechanisra (which prevent a door from slamming shut by dictating the rate of closing).

To give an illustration of how each type of system would look in a given applicétien
illustratiors in Figure1.2 wereprepared tolsow the systems in the context of a wind turbine. The
optimal load case is the situation which looks most familiar, as this is the form which has been
optimized over timeThesystem could become overloaded if too many blades were used. In such
a configurdéion, the turbine would act more like a wall, impeding airflow. In a small load

configuration, the blades would be made too small, not capturing much of the airflow.
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Blocks air flow Optimalair flow Lets too much air by

Figure 1.27 lllustration of how eachlassification of energy harvester (by load placed on source)

would look in the application of a wind turbine.

There is also a fourth classification of energy harvesters in the form of Decoupledssystem
In these systems, energy is collected and storadriadium of the same type of energy which was
collected, before being converted into electricitythis way, the source is decoupled from the
energy conversion process, which tend to acts as a damper on the system. Collecting energy in the
same form ashe source of the energy acts as a force (like a spring in mechanical terms) on the
source system, rather than a damper. At a later time, the stored energy is converted into electricity.
Therefore, the harvestirand conversions can take place at differegtons on the power transfer
curves. In this way, the energy collection can be duehthatit has the desired effect on the
system, and the conversion (transduction) process caerb@medideally underoptimal load
conditiors.

Examples of decoupleghergy harvesters include t8elar One installation in the Mojave
Desert, collecting the thermal energy of the sun from a mirror array, and storing the thermal energy
in molten salt, the heat energy from which is later used to power a steam-yghewor|[5]

Here, the solar energy collection is a small load type, as it haaglgny effect on the sun. The
conversion process is under optimal load condition. Another example is the-BREO ocean
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thermal energy harvester, whigtilizesa phase change material to gather energy from the thermal
gradient in the ocean waters as it risessnkis The phase change material expands as it changes
phase, increasing the pressure in an oil, which is released through a-geharatof6] Here,
energy is also stored in a thermal to thermal small load application (the-$REG does not
affect the temperature of the ocean) while @tikg to electricity under optimal load conditions.
While decoupled type energy harvesters can be of great effectiveness, not all systems can
be decoupled. Therefore, it is good to utilize decoupled systems wherever possible, though they
must fit into nidie applications.
The classification of energy harvesters according to their load on an energy source is

summarized irFigurel.3.

Small Load

Harvest much less energy than the

Harvest as much energy as the system

system can output can sustain

-Small effect on system-
Most energy harvestlng systems

-Large effect on system-
Commercial power generation systems

Optimal Load }

Overload . Decoupled

Attempt to harvest more than the system Store harvested energyin a medium,
can sustain then convertto electricitylater

-Clamping effect on system- -Small to beneficial effect on system-
Braking systems v Niche systems

Figure 1.37 Description othepossible types of energy harvester, classified by the load the energy
harvester places on the source.

1.3 Overview of Energy HarvestingTransduction Techniques

There are mantransduction techniques in energy harvestorgways of converting one
type of enegy into anotherMost commonly this is a mechanical energy to electrical energy
conversionln this dissertationtwo techniquespiezoelectric and electromagnetic inductiare
employedn the forthcoming designand discussenh detailhere,to convet the various types of

mechanical motions in, on, or around the human body, into electridifyer transduction
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techniquessuch as electrets, thermoeledriand photovoltaics, are mentionedhe forthcoming
literature and technology overviews for eahapterbut not discussed in detail.

Piezoelectricity and electromagnetic induction are discussed in detail here to give the
readera basic understanding of the prifeip be applied in each chapter. In this wiaag content
canbe more easily followa what arethe intended consequenaasdprogressiorof the research

and subsequent proposed design
1.3.1 Piezoelectric

Piezoelectric materials are those which exhibit the behavior of generating electric fields in
response to being strained. The reverseisfdtffiectis also true. When an electric field is applied
to the piezoelectric material, it will straifihis response is called thenverseiezoelectric effect,
which is used in actuator applicatioms.energy harvesting applications the direct piezcteic
effect is use to convert mechanieslergyinto electricity.The piezoelectric effecrisesdue to
theasymmetriccrystalline structure of the typically ceramic material (though thertypesother
materials exhibiting piezoelectricitypelongingto specific point groupsThe crystal structure
causes a spatial disparity in the centers of positive and negative charges, resulting in a dipole
moment.If these moments are made to align in a single directlmough the application of a
large DC eledic field, then the material is considered to fipwled. In this way, the charges
created by each dipole can add across all domains to yield a signifadtage in response to
applied strain.

An illustration of the piezoelectric effect is givenFigurel.4. The representative material
block in the neutral state has no charge across the material electvitde¢be charge centers in
their neutral position. When the material either undergoes compression (Leftsmn (Right),
it causes a deformation of the crystal domain, physically displacing tb&eslipnd inducing a
potential. This potentiatreates an electric field and subsequent voltage across the material

electrodes
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Figure 1.47 Conceptualllustration ofthe piezoelectric effect, whereby the relative displacement
of charge centers due to material deformatijeraggeratedgenerates a voltage across the

electrodes of the material, driving current flow

The voltage generated by the piezoelectric material
0 QY (1.3)

where is the static voltage produced in response to applied stfesith "Qthe piezoelectric
voltage constant, andlthe thickness of the material in the imgj direction.Voltage produced is
naturally dependent on the direction of tygplied stressAs Figure 1.5 illustrates, if force is
applied in the direction of poling, this icalled the 33 mode. However, fdrce is applied
perpendicular to the direction of poling, this is called the 31 mode. Piezoelectric properties are
generally two to three times larger in the 33 mode than the 31 mode. This disparity in properties
arisesshecause of the Poi ssonds -wisa tontractiom tlue to&engthr i al s
wise expansionThis is the reason that even though stress is applied perpendicular to the poling
direction in the 31 mode, there results a proportionally smahesssin the 33 direction, which

still produces a voltage.
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Figure 1.5 7 lllustration of directionality convention whether force is applied in the poling

direction (33 mode) or perpendicular to the poliirgation (31 mode).

Despitelower properties, the 31 mode is often the chosen mode for energy harvesting, due
it lending itself better tantegrating withmechanical amplifiegswhich can increas¢he energy
density of the energy harvestetue to theampified stress in the piezoelectric layer. Direct
application of stress on a piezoelectric material is not often practical and rarely effective.
Therefore, a mechanical amplifier is most often used. Whereas, piezoelectric materials are
applicable to many sifitions, the mechanical amplifigmould bdailored to the energy harvesting
source. Typically, these energy sources are either thought of afhsgliow-frequency (HFLF)
or low-force-high-frequency (LFHF), and there are mechanical amplifiers advamiager each.
Low-forcellow-frequency (LFLF) sources are not possessing enough energy to make a worthwhile
energy harvesting application, and highce-high-frequency (HFHF) sources push the
mechanical limits of engineering materials, making energy hiamgesften inaccessible. An
example of a HFLF mechanical amplifiershown inFigure 1.6(a-b) in a cymbal transducer.
Cymbal transducers, like the one shown, amplify compressive vddircals applied to the end
caps (typically metalpefore transferring ito the piezoelectric layer as tensile stress. This
transducer has found applicationsharvesting energy from humagait a HFLF motion. An
example of a LFHF mechanical amplifier is shownFigure 1.6(c-d) in a cantilever beam
transducer. Cantilever beam type transdueeesttached to an energy sour@mase excitation)
and utilize the inertia of a tip mass (at the free end) to bend the beam at resonance, steessing th
piezoelectric layer near the fix end. This transducer has been well studied and has found many

applications and variations, such as vibrations from machinery and buildings
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(a) (b)

Cymbal End Caps Piezoelectric Layer

Applied Load

(c) Piezoelectric Layer  Tip Mass (d) Base Excitation

/ / Cantilever
| QD

Figure 1.6 7 (a) Cymbal transacer suitable for higiorce-low-frequency, (b) loaded cymbal

transducer converting vertical compressive forces into horizontal tensile stress in the piezoelectric
layer, (c) cantilever transducer suitable for{fmsce-high-frequency, (d) bending resporisdbase
excitation (vibrations) shown with tensile stress in the piezoelectric layer. Both (b) and (d) utilize

the piezoelectric in the 31 mode.

The current produced by a piezoelectrigiigen as
Qo .
Q 6—. h 14
65 (1.4

where 0 is the capacitance of the piezoelectric material. It is no surprise that a piezoelectric
material behaves as a capacitor, as the transduction mechagismes displacaent ofseparated
charges. The fact that current is only produced when voltage is changing, means current is only
produced when stress in the material is changing. This is a principal reason why piezeelectric

have found application in vibration energyVesting. The gaacitance of a piezoelectric is

0f 0 .
T‘ h
0

where is the relative dielectric constant of the matefial,is the permittivity of free space

6 (1.5

(8.85x10' F/m), 0 is the surface areaf the piezoelectriamateria) and dis the thickness of the
piezoelectridayer. Hereit can besea that a broad but thin piece of piezoelectric material yields

the highest capacitance, which also lends well to vibration energy harvesttagtitever beams
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are most often broad bttin beamsThe bending stress in the cantilelseam Jike the one shown

in Figurel.7, causeshe lengthwise expansion or contraction of the piezoele¢8ic mode)

———1 th

— X ™~ my, th

Figure 1.7 1 lllustration of piezoelectric cantilever, with labeled parameters used in model.

In general, bending stress is calculated as
0.
Y — h 1.6
o (1.6)
where the stressY is a function of bending moment,, distance from the neutral axis, and

moment of inertiaOThe bending moment at a location along the beans,given as

0 G wh (1.7)
where the equivalent mass, is
(o)
a —a a (1.8)
PTT

and’Qis the acceleration due to gravity (9.81sfh The distance from the neutral axis in the part
of the beam without the piezoelectric layenifc. However, interesis in the part of the beam

with the piezoelectritayer.Figurel.8 illustrates how the neutral axis is found.

Figure 1.87 lllustration of location neutral axi€) and distances from the neutral axis to the center

of area of each layer in the composite.
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Assuming the piezoelectric laye& well bonded to the beam, the two share the same
curvaturewhen bendingmeaning,
m Owd ©Owo 8 (1.9
Here,Oi s t he Y o un gdisthemmssectionas areaTo dvoid charge cancelations
dueto opposing signs of stress, it must be the case that the neutral axis is in th&dregms. to

be the caséQmust be less tham, resulting in Equatiofil.9) becoming

0. . 0, ., .
O—0w O—0wh (1.10)
S S
and simplifying to
006 ©o 8 (1.11)
Additionally,
0 . 0
Q — o hQ 0 — w 8 112
S S
Applying the Equationg1.12) into Equation(1.9) the neutral axis locatiors foundfrom the
expression:
0 - 0 v
@) Q?ow O Q o ?owh (1.13
which simplifies to
00 000 0o
8 (114

¢ 0o 0o
Finally, the moment of inertia of the section of the beam without piezo is sipfjplyg® .
Similarly, the moment of inertia of the composite section obi@mcan befound by parallel axis
theaem,

o Lo ool Ldm o (L15)
PC PC

From Equation(1.11), one can design the beam such thatpiezoelectric layer is ktes

used.Though, since such bearare most often used in vibration energy harvesting, the vibration

performance must also be considered. The key characteristic of the vibration energy harvester is
the resulting natural frequency. The natural freques@ven as] ‘a4 , whereQis the

stiffness of the beanThus,
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5 (L16)
aa
From this analysis t I&asedthat the key parameters are the thicknesses of the beam and
piezoeledtic layers, as well as, the overall length of the beam. These terms are either squared or

cubed in the stress or natural frequency calculations.
1.3.2 Electromagnetic Induction

In contrast to piezoelectric materials, where a change in straircfesdtes an ebtric field
in the material, in electromagnetic induction a change in magneticfieddes an electric fieid
a closed circuibf conductive materiall he result of bottransductioomechanismss that a voltage
is induced and subsequently currisdriven across a loadlust like piezoelectrics, thieduction
effect isinversible One camprovidean electric fieldo an inductor, creating a magnetic field, or
one can give a changing magnetic field and generate an electric field. The latter dftect is
nearly allelectricalenergy is generated in the world today.
Theelectromotive forcgproducedby electromagnetic inductions descr i bed by |
law of induction,

%
T (1.17)

wherelz is the magnetic flux througiconducting loop. The current produced is then

w

0 7 h (1.18)
whereYis theelectricalresistance of the conducting lodhe magnetic flux is the magnetic field
() through an are@),

5 0038 (1.19
To achievea change in flux, either the magnetic field and/ordhea of the conductor ust be
time variant, otherwise no voltagdll be generatedThere are several possibilities for varying
both magnetic field strength and/or conductor aféeoretically, the perimeter of the conductor
could be deformedherebychanging the area. However, typically the conductor loop is realized
in a coil of wire wrapped around some form, making it impractical to deform. Magnetic field can
become time variant if a permanent magnet is traversed through a coll, such as in a eiheatjpn
harvester. Though, typically electromagnetic generators are realized in a rotating fashion.
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The two most common implementations of a rotary induction geneaatoshownin
Figure 1.9 below. Figure 1.9(a) illustratesa rotating conductor in a fixed magnetic field. Here, the
normal vector to the magnetic field changes effective area of the conductor relative to theanagneti
field, realizing the time variantehavior While the magnetic flux is highest whéreface normal
is collinear with the magnetic field vector, voltage production is the time derivative of the flux.
Thus voltage production is greatest when the conduotates orthogonal to the magnetic field
lines.In (b) the same behavior is observed, though this time by rotating a permeagpretin
proximity to a stationary conductddere, field strength is greatest through the conductor when
either the North or &ith poles point toward thiace normal of the conductoAs the magnet
rotates the magnetic field lineseno longer paralleio the face normal of the conductor, altering

the magnetic fluxNote the voltage produced by either method is the same.
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Figure 1.9 i lllustration of time varying magnetic flux and subsequeleictranotive force
produced by(a) alternating area a@ils in a magnetic fieldand (b) alternating magnetic field in

a stationary caoil.



For a rotating system where the magnetic flux is changing with tikeelrigure 1.9(b),

Equation(1.17) becomes

Q06
. 6548 (1.20)
Here,
6 6 Ai100 h (1.21)
whered is the maximum value of magnetic field ands the rotation speed. This results in
. 06 1 O0BlTos8 (1.22)

1.4 Layout of Dissertation

Due to the interrelationship betweeérdividuals and assistive electronic devices, it is
examined in this dissertation whether the actions (human motion) themselves can be used to power
the eletronic devices assisting those vegtions. Such functionality results in a synergistic
interactionjllustrated in the design synergy diagranfFajurel.10, rarein energy systemsvhere
tradeoffs are pervasiverhese interactions are studied in the context of the three types of solution
spaces in implantable (inside thedy), wearable (on the body), and peripheral (outside the body)
devices also illustrated in summary figure1.10. Specifically, it is studied whether heartbeats
can power the pacemakers regulating the heartbeat; whether walking can power the portable
communication equipment guiding the path; and whether movement within a smart building can
power the ocupancy measurement in automatic occupdaaen lighting and climate control
systems making the building habitable yet energy efficient. Novel energy harvesting solutions are
developed for each category, with the impetasharvesting sufficient energyp perform the
desired function without encumbering the body

To not encumber the body, small load and decoupled systems are proposed, where little to

even a beneficial effect on the human bodgnscipated.
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Inside the body

Implantables

Motion of organs, muscles, and blood flow
Assistive — ———————
Action On the body

Wearables

Motion of limbs, joints, or center of mass

A N e

Energy
Harvester Peripherials

Outside of the body

Forces caused by interaction with body motion

Figure 1.107 (Left) Design synergy diagram, illustrating the dependence on each human motion,
energy harvester, and assistive action. (Right) Overview of three solution spaces explored in this

dissertations.

In each chapter, the topic applicatienintroduced, followed by a review of the peent
technology and literature. Next, the energy harvesting strategy is selected, before the novel
research contributions achieved are chronicled. Results are sumarized in each chapter, as well as

in the conalisions section.
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2 POWERING IMPLANTED MEDICAL DE VICES: PACEMAKER S

2.1 Introduction

In recent decades, advances in medical technologies temudted inan array of
implantable devices to provide medical treatments and augmentalmoplsintable medical
devicesare thosevhich provide assistive function to the body, with all or part of the device being
embeddednside the body. These assistive functions can range from restored or augmented
sensing, in the case of cochlear and retinal implants; stimulation arldtieg of body processes,
in the case cardiac pacemakers, gastric stimulators, and muscle stimulators to address such
conditions as dropped foot andrRinson'sandmedicine delivey systens, in the case of insulin
pumps[7]

Indeed, implanted medical devicgovide increased longevity and qualdllife. There
arevarioushindranceshoweverjn theimplementation ofmplantable devicesnonethe-least of
which is the addition of a foreign object to the bodiiere are limited materials available to
package these implantable devices such thatiliéyot be rejected by the body, which limits
design freedomThis can lead to increased device size, which is an encumbrance to the patient
receiving such ammplantedmedical deviceThe other key hindrance is the fact that since the
device must be setontainedfor the sake of biocompatibilitpecessitates that the power supply
for the device must also be encapsulated with the rest of the electiidrecs.issubsequentlan
inherent lifetime associated with the device before it exhausts its stoeegly.

It would therefore be quite advantageous if theas an approadhy which energy could
be derived from insidef the body by the device to power itsgiteferablyindefinitely. Any
derivation of energy from inside the body, though, would neéd small so as to not disturb body
functions.Consequently, anynplanteddevice which would be sought to be powered by harvested
energy would need to be a low powemall load typejlevice.Of the three classes of implantable
devices; restored and augnted sensing, stimulation and regulation of body processes, and
medicine delivey systens; sensing and/or stimulation devices inherently consume the least power.

Of all the implantable devices, the one where energy harvesting from inside the body could
be of greatestlirectuse may be the cardiac pacemalkevariety of conditions causing irregular
heartbeat cycles are treated with a cardiac pacem@ker 700,000 new pacemakers are

implanted in patients across the world each yafawhich over 225,00@re in the United States
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alone[8] A pacemaker is an implanted device which develectronic pulses to stimulate the
contraction of the heart to maintain a regular performartoetypical placement of the pawaker

relative to the heartyith typical dimensions and component layout is illustratefigure2.1.

~7mm thickness -~
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Figure 2.1 1 Typical dimensions, installation location, and component schematic for a cardiac

pacemaker

As is evident inFigure 2.1 above a large aredabout half)of the typical pacemaker
enclosure iwccupiedby the batteryCurrently these batteries dithium-based and can last from
5 to 10 yearsyith the entire device weighing between 1®35.5 gram$9] The volume enclosed
by the battery is approximateB6 mm x 26 mm x 6 mm.This volumewill be taken tobe the
approximate size available for an energy harvester appropriate for implementation in a pacemaker.
A harvester of this size would not displace any of the sensor and circuitry components which
perform the pacing regulation, and woplevidearea fora small battery, which would leckle
charged by the energy harvester.

The basic design and size of the pacemaker has been largely unchanged since it was first
put into practice decades ago, with incremental improvements in circuit design ang latter
Recently, however, a new class of leadless pacemakers has been researched and developed for
direct implantation into the ventricle, rather than running in a wire [Elaelse 2.5 to 4 cm long

cylindrical designgapproximately 6 mm diametenclude theMicra Transcatheter Pacing System
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and Nanostim leadless cardiac pacem@k@rThese desigshave shown promising initial ais,
but would significantly chage the allowable size of associated en&ayesters in the future.

The goal of this chapter is to develop an energy harvesting solution which can be
incorporated into the current pacemaker design, allowing it to operate indefinitely by deriving
energy fom the body. To this end, several key requiremeat® to be taken into consideration

1 To avoid biocompatibility issues, the harvester must be sealed within the
pacemaker housing. Circuitry components and electrodes should not be displaced,
so the harveer will occupy some of the battery area, with a smaller conformal
battery around the harvester in the remaining area.

o To fit within the housing the harvester must be smaller than approximately
27%x27x5 mm.

1 Sufficient power must be produced to justify rerabuef battery volume, ideally

powering the pacemaker indefinitely.
0 Approximately 100 p\Wbn average must be produced.
To ascertain what technologies could meet these requirements, a review of the current

implantable energy harvester technoleggs conducted

2.2 Review oflmplantable Energy Harvesters

As mentioneckarlier in this chaptemostimplanteddevices are battery powered, due to
the simplicity and robustness batteries can pHed the practical necessity of the inclusion of a
power source in the intgnt However, powering implantable devices with batteingsoseshe
need for perio replacement of these batteries, which requires additional surgery foattast
This replacement procedure can be anywhere from anndgmgtherwise healthy patnts to life
threateningfor more elderlypatients To avoid the need to perform periodic additional surgeries
on thepatient it is proposed thahe implantable device can derive (harvest) energy from various
sources to power its operation. In this wtne lifetime of the device has the potential to become
indefinite, increasing the quality of life of tipatient

External energy sources thhave been studiethclude kinetic energy from human
movements, thermal energy from human body, solar energy &mbient lighting, or even

ambient acoustic or electromagnetic waves. These external eregi@svested with an energy
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harvester outside of human body, and then transmitted to the implanted device via electromagnetic,
ultrasonic, infrared, etevaves.

Otheron-going researclttempts taexploit available energy inside of human body. Most
commonly studied is the feasibility to harvest energy fromenwmnts of cardiovascular system
(e.g. the expansion and contraction of artg¢ri€shemical energy withihuman body could also
be exploited via fuel cells. Due to high availability of glucose in body fluids, fuel cells that use
glucose as a reactdmave been extensively investigat€wr implanted devices located at joints,
kinetic energy from théorces n thejoints areharvested to power the device directly.

The techniques mentioned are discussed individaaltijdescribed in some detail the

following sections.
2.2.1 External Energy Sources

Many energyharvesting techniques have been employed to harvesjygoresentn the
ambient of the human bodRepending upon the location, mechanidakermal, acoustic, and
electromagnetic radiation energies can all be available in the near of the human body. The work
conductedby Niu et al [11] provides an example of how a piezoelectric harvester could harvest
mechanical energy fro walking andtransmit itto the implant devices within human bods.
sections2.2.1.1and 2.2.1.2 primary nethods for remote poweringre discussed, including
wireless electromagnetic energy tsamssion and ultrasonic energy transmission. The name
Atransantaneous energy transfer (TETRB1I s mor ¢
otherongoing research aiemote powering are presented, including poweviagnfrared energy
and lowfrequency magnetic field coupling. In secti@r?.1.4 some direcpowering methosl

from ambient energy th&tavebeen developefbr implanted deviceare discussed
2.2.1.1 Remote Powering from Electromagretic Energy Sources

Electrical signalswith frequencyin the range ofl0 kHz to 30GHz aretermedas Radio
Frequency (RF) signals. Transmitting RF signairelessly as electromagnetic energy is a
common method for remote powerin§implanted devices. Bad onthe different attributes of
thereceived electromagnetic wavelirgk could be categorized as a ndiatd inductive link or a

far-field antenna link An illustration of an inductive link, with a power coil and receiver coil
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embedded just under thkis to power implants is shown fhigure2.2. Currently, for wireless
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An energy harvester, a conventional generator, or mains power is the source of the energy

to be transferred. This energy is used to generate high amplitude RF signal for transmission.

Electromagnetic fields are generated by the RRadigt the primary coil inductor, and it is then

coupled to the secondary coil inductorder the skinAn alternating current (AC) is generated at

the secondary receiving coil inductahich is rectified withpower management circuit to convert

it into direct current (DC) for powerintheimplanted deviceThe power management circuit also

regulates the DC voltage in response to the changing load required by the implant device.

The inductive linkbetween the two coilsan be modeled as a transformer lastiv two

RLC circuits[12]. RLC circuits act as a band pass filter, transferring power efficiently only within

a narrow frequency baratoundits resonat frequency Therefore, the two sides of the inductive

link must share a common resonance frequency, which must also be the excitation frequency, to

transfer power effectivelyTh e

n k

can

be

classified as

Near field inductve link typically works in a lower frequency range. Operating frequency

of publisheddevicesange from 2&kHz [11] up to 500MHz [13]. In order to design the systém

have itsresonance frequency in this rangad for efficient energy transfer, inductance should be

relatively large, around severaH to tens ofeH [11, 14, 15]. In consequence, the size tbe
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receiving inductorcoil is often relatively largearoundseveral centheters in diametdil4, 15).
Naturally, for an implanted device, it is desirable to have device size minimized in order to also
minimize the impact/encumbrance on the perdteverthelessnear field inductive links still a
feasible design fgpoweringartificial hears[11], or within the stomach for esophageal impedance
monitoring [14], but would however,impose difficulties for clinical implementatisnlike
intraocular application@nside the eye)The physiology of the eye limits antenfsaductor)size.
Maximumsize for implantation inhe eye is determined by the size of the intraocular lens, which
is approximately 1& 6 mm[16].

Due to the aforementionedquiremenbf size far field inductivelinks areadvantageous
for their smaller in size Operation frequency is often higher, at uligh-frequency (UHF)n
the rang®f 850MHz950MHZz[16], or up to 5.2GH{17]. A most common form of antenna design
is aquarterwave monopole, in which the antenna is approximately df#he wavelength of radio
waves. With operation frequency of 5.2GHz amaorking intraocular with high permittivity, a
monopole could bef thedimensios 1.5x 3.2 mnt [17]. An electrically small antenna (length <
1/5" of the wavelength) could alsbe carefully designed to resonateaadesired fequency[16].
However, far field antenna link haslisadvantagen termsof high transmission los$he available

power at the receiving antenisagiven as,

0 070 ==, (2.1)
where 0 is the transmitted RF signal powéf) is the transmitting antenna gain,is the
wavelength of transmitted signal, aiflis the transmission distance between the transmitting
antenna and the receiving antenna. FromBgeation(2.1), a higher frequency signal (shorter
wavelength) will observe higher transmission loss. Therefore, increasing opémegioancy for
smaller antenna isurdenedy the operatioal power requirement.

Additionally, to power an implanted device, the power received must be processed to a DC
form at asuitable voltage levelTo this end, sveral methods of antenna desid], signal
rectification (in the forms of diodgL8], passive MOS transistpt5], and active MOS transistor

synchronous switcfl9]), and voltage multiplieil3, 17, 19], have beewliscussed in the literature.
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2.2.1.2 Remote Powering from Ultrasonic Energy Sources

RF link hasthe disadvantage of high attenuation per distance. Recently, a neveftype
energy transfemwas suggested byOzeri and ShmilovitzZ20], based on the transmission of
ultrasonic energy rather than electromagnetic energy. Ultrasonic Transcutaneogys Hansfer
(UTET) uses an external transmitting transducer attached to the skin surface facing an implanted
receiving transducer. An electrical power source energizes the transmitter, which converts the
electrical energy into travelling pressure wa@sund) The travelling pressure waves carry the
energy through the tissu®wards the implanted receiver positioned within the transmitter
radiation lobe as illustrated inFigure 2.3. The receiveruses a piezoetéric transducer, an
electrostatic transduceor an electromagneticarvester based system ¢onvertthe acoustic

vibrationback intoelectric energyo power the implant

Sound Wave Lobe
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—
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Speaker
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Figure 2.3 7 lllustration blockdiagram of ultrasonic energy transfer.

A piezoelectric transducer could be useddonverting acoustic energy back to electrical
energyvia the piezoelectric effecA piezoelectric mdel includes a voltage souriceseries with
a complex impedance netvk, in which the frequenegiependent reactance vanishes when the
receiver operates exactly at the resonance frequi#ribg. receiver doesat vibrate exactly at its
resaance frequency, the frequendgpendent reactance can be either positive or negabvthe
overall equivalent source impedance nieeither inductive or capacitivi20]. The resonance
frequency of piezoelectriagsan be easily designed to imethe tens bkHz (the ultrasonic range)
by varying the dimensions
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An dectrostatic transduceds also one of the alternatives for a UTET Ilifk1]. The
structureproposed by Zhu et ak atwo degreeof-freedom (DOF) energy harvester which absorbs
vibration energy in any iplane directionElectrostatic comb variabtapacitors & and G collect
X and Y vibration contributions separately, and flow the currents intexternalload. The
capacitors arbiased with a 10 DC voltage.

Thirdly, an electromagnetibasedievicecould alsde used ttharvesthevibration energy
caused by the ultrasonic sound waves of a UTET link designedased upor ar aday os | aw
induction By havinga time varyingnagnetic flux pass througtcoil of conductive wirea current
in the circuitis generatedThe magnetic field that is required for the transducer can be provided
by either integrated microfabricated maggebr bulk magnds) [22]. The vibrations move the
magnet(s), thus changing their relative position to the coil, varying the magneticrbugh coil.

In order to minimize the ®e ofthe three types of UTET based energy harves&ssribed
above, they are often fabricated using microelectromechanical sy@#svS) technologyAn
example ofaMEMS electromagnetic energy harvestevhosesize is 2.7« 2.2 mm, is presented
in Ref. [22], while the electrostatibased harvestéras been describ@&uRef.[21] with fabricated
dimensiorsof 2 x2 mm. MEMS technology enablegoration harvesting device® be integragd
into implanted devices

Ozeri and Shmilovitz recommend that an UTET link wdskstin thefrequency range of
200kHzi 1.2 MHz for feasble deploymenin implanted deviceR20]. This recommendation takes
into account the factors of signal transmission attenuation in soft tissue, the Rayleigh distance (area
of natural focus at transition point between near and far fielde propagationjand transducer
thicknessHowever, fequenesaround 4kHz area common choice of operation frequency due
to availability of offthe-shelf ultrasonic transmittef21, 22]. Sincean AC signal is received, the
rectification and power management circ@itisUTET link devicesarebe similar to a RF link.

Although theresults presenteid Ref.[20] show output power around tens of millatts
with tens of volts of input signal, the othe&tudies reported in literatushow ony nanewattsof
output. Thigndicateghat ultrasonic energy transmission is a promising field for development, but

still need much improvement for actual implementation in implanted devices.
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2.2.1.3 Other Remote Powering Methods

Apart from RF and UTET links, the are some other remote powering techniques
including infrared radiation to photodiode array, #r@quency magnetic field to move implanted
magnetic rotor, et¢23].

A nearinfrared power supply systehas beemproposed bysoto et al[24]. Nearinfrared
light from a laser diode is received at the photodiodé®implanted device. It is then converted
to electric power for charging and powering the device. The photodiwdg consists of eight
Silicon PIN photodiodes whicbccupy arareaof 5.5x% 4.8 mm each, resulting in 2820 x3 mm
total size. Power management circuit is not needed if the generated infrared is carefully controlled.
The devicewas placed 0.8mm undéne skin. ltwas claimedhat after 17 minutes of charging
time with 22mW/cn¥ irradiation powerthe powesupplied was sufficierfor a cardiac pacemaker
to operate for 24 hours.

A method to power implanted device via kikgquency magnetic fieldas bee proposed
by Suzuki et al[25]. A rotor outside of the bodfrotor 1)couples together witanimplantedrotor
(rotor 2) Rotor 2 rotates synchrouasto rotor 1,due to coupled alternating magnetic fields (like
magnetic gearingland thus electrical power is generated doiimplanted @vice due to coils
being placed around rotor Phe implanted devic@otor 2)was 10cnt in size. By choosing the
appropriatenumber of magnetipole pairs for each rotorthe implanted rotor speed can be
accelerated. Moreover,singlephase and muHpolarized geneator was applied to multiply the
output voltage frequency. With a fidkridge rectifier implemented, the maximum output power
could bereachedup to 1.9W for a2 cm distancéetween the two roto@nda 70.5Hz rotation
speed of rotor 2. Thmeasured efficiency of the power transfer limés 20%, which is the ratio

of input and output power.
2.2.1.4 Selfpowering from External Energy Sources

There are some specific devices that are implanted at locations open to ambignt energ
Thus, no deliberate peering or power transfer scheme is necessary. Retinathesisare
subjected to some amount ambientlighting, and acoustic energy is available to cochlear
implant. These devices could be designed to harvest energy directly from externalssneogy

which they are trying to measuseithout the need o deliberateenergy transfer link.
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Retina prosthesis consists of photodiodes fabricated in CMOS technaogndrgy
harvesting[26]. In a typical semiconductor image sensor, a reverse biased PN junction diode
(photodiode) is used to sense the incident light. Voltage (or current) signals on the photo@odes
read, processed, and digitized for reconstructing images falling on the focal gilahe
photodiode array. On the other hand, if the photodiode in each pixel is forward biased, it could
also work as a micro solar celDne pixel of the implementechptodiode array is the energy
harvesting and imaging (EHI) pixelransistors are used to switch the photodiodes between
harvesting and sensing modBsalternating between forward or reverse bide incident lighting
generates a current that could bensferred to the load or storage devidpon switching, e
received light information is then read out to the imaayocessing circuit, powered by the
harvested energt the maximum power point (MPP), the>&D EHI pixel array produces 380
mV and 8.754A, resulting in 3.35uW of power delivered to the load for &Qux illumination.
Delivered power drops to 21W and 1.QuW for 20 Kux and10 Kux illuminations, respectively.
Measured energy harvesting efficiency of the EHI pixel was around 9.4% dorinktions
between 1@&nd 60klux.

A cochlear implanthat harvests acoustic energy has bpeposedin [27]. Cochlear
implants are used to restore hearing of those with hearing loss. Conventional cochleasimplant
include power hungry components such as microphone, soacesgor, transmitter, and implant
transducer. The conceptasto implement an array of cantilever piezoelectric elements with
different resonance frequaas within the humarhearing band~20 Hz - 20 kH2. When the
cantileves vibrate due to impinging aecstic sound, energy is generated to stimulate
corresponding nergevia implantedelectrode. The proposed cantilevewere fabricatedusing
MEMS technology. For the stimulation of the auditory nerve, it is important to generate required
electrical potengl from the vibrations of the eardrum. Therefore, bulk piezoceragsochosen
as a piezoelectric material due to its higher voltage output among other alternatives (such as sol
gel and screeprinted PZT). Measurement shedithat with vibration of 0.1dclaimed typical
vibration level of the eardrumjhe cantilever could generatafficient voltage to stimulate the

auditory nerve
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2.2.2 Internal Energy Sources

Devices implanted into the body can be powered not only by external energy sources, but
also energyaurces internal to the body. An implanted electronic device can harvest energy within
human body from sources including the expansion and contraction of muscles and arteries in the
cardiovascular system, forces in joints and muscles, and chemical realttisnivorable to
produce energy for implanted devices internal to the body, so that no deliberate actions need be
taken on behalf of the patienthis is a similar strategy to sgibwered devices, however, all
energy is derived from sources internalthe body.The energy available in the body is large,
however, an implanted device can only take advantage of a small portion of this energy, local to
the device.

2.2.2.1 Cardiovascular System

Kinetic energy in the cardiovascular systansesvia the displacemesn caused during the
actuation of muscle tissue or pulsing of arteries by heartbeats. These types of energy are harvested
by electromagnetic induction, and pielectric polymers or crystal based transducers.

In the case of inductigan oscillating masspost commonly a permanent magnet, is driven
through the displacements of muscles in the body, namely the heart. The oscillation of the mass
comes by virtue of its inertia, as it tends to lag the motion of the heart. This phase lag creates
relative motion btween magneffree to oscillateland coils(fixed relative to the hearthus
inducing current flowv i a F ar a dNatwadlys thi$ rlative motion is then frequency
dependent and the dynamics of the harvestest match that of the heart, for high@strformance.
Piezoelectrics can also take advantage of this relative motion by using beams or membranes with
piezoelectric elements, which are free to oscillatale their bases are fixed to the heart.
Piezoelectrics can also be stressed directly (iisg)hada pressure in expanding arteries.

Deterre et al[28] repored a typicalfrequency spectrum of the heafhe acceleration
spectrum of the heaxtan be derived byaking the Fourier transform of the time series of
acceleration datat a point on he heart surfacd he spectrum shows the greatest peak around 1
1.5Hz with a magnitude of around 0.27 g (2.65¥n/Fhis is intuitive as this is the primary beat
frequency of the heart. It is difficult for small energy harvesters to achieve such loerfoees.
Though, he spectrum reveals a broadbgtateau between 227 Hz of an amplitude around 0.1

g (0.98 m/$), that could be advantageous to target for an energy harvester. The peak at lower
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frequency is regarded as too impractical to target, eslyfoaMEMS devices as the volume and
mass neeetl would bebe too great for a small implantable device. Detetral.also note the
wide profile of the 2127 Hz plateau makg it ideal for a low quality factor or significantly damped
energy harvestingystem.It was then proposebly Deterre et alalthough not fabricated or tested,
a design whereby a |inear transducer 1is used,
per hearbeator ar ound pedfdmancdg.accdniplisteed by utilizing aoafiguration
thatoutpus30 e€W per gram of seismic mass, necessi
Tungsten was chosen so that the dimensions of the mass could remain small enough to fit in a 500
mm? harvester.

Zurbuchen et a[29] characterizédthemot i on of a sheepbdbs heart a
heart. Theynmeasured he mot i on oihthreedimensios andusad this aformation
to find an energetically favorable spot to place a pendulum motion based energyeharvest
consisting of the mechanism framcommercially availableelf-chargingwrist watch With the
generator composed of a selfarging wristwatch mechanism, was reportedto provide an
average power output of 1e7W ore 1l 1pdr heart beat wheivo the g
to a sheepbés heart, which was beatingfthat 90
device it wasclaimed to be able to power the latest pacemaker, when not considering losses in t
subsequent storage and control circuitry.

Thelongitudinal(in-plane)and radialout-of-plane)displacements of the heart provide a
solution space fomanydistinct mechanisms of inductiand piezoelectrienergy harvesting, as
reported by Khaligh edl. [30]. As the displacements on the surface of thetts@a complex and
threedimensional in nature, both types of harvestdii&zing in-plane and oubf-plane motion
are feasible for use in povweg implantable devices

For piezoelectric energy harvesting in the cardiovascular system, Polyvinylidenéefluor
or PVDF is usedlue toits high piezoelectric properties and compliant nati8@-36]. In these
applications the PVDF is wrapped around expanding/contraatieges and muscles to harness
the deformations or placed as a membeatjacent to thblood flow to harness oscillatimyessure
differentials in veins a#lustrated inFigure 2.4(a) and (b) respectively.
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(b) PVDF Membrane

PVDF Coupling

ity Artery

Figure 2.4 171 lllustration of blood vessel (arterga) wrapped in PVDF filmand (b) with attached
PDVF membrandpr the harvesting of radial stressegloscillating blood pressureespectively,

due to hearbeats.

In the case where PVDF is wrapped around an artery, the pulsing blood flow and
subsequent pulsing blood pressure catise artery to expand and contract radiallye to the
compliance of the blood vessd@oth Potkay and Brook$32], andFadhil et al.[33], adoped
similar designs. These desgymvolve embedding PVDF thin film inside a silicon cuff that is
placed around the artefyoth studiesdemonstratéthat power output can be increased by making
PVDF cuff thinner, thus increasing the strain in the piezoeledtnepower can also be ineased
by increasing the length along the artestyich the cuff runs. Experimentation was conducted by
attaching the PVDF cuff around 12.7 mm Latex tubing and pulsing pressure through the tube.
Potkay and Brooks achieved a power output of 16 nW acrossel@25r esi st ance wi th
PVDFfilm. Fadhil et al. utilizd the same method, however, thinning the piezoelectric down to 17
em in thicknessdawh3®d enW hefy powdar cper | ayer of
resistanceBlood pressure inside the asgtaeaches 20080 mmHg during normal circumstances
and can reach up to 250/150 mmHg while in hypertension. Naturally, thefdalested power
is directly proportional tahe blood pressure and resulting straitthe arterial wall. Thus, the
harvestemaximizes energy output at higher blood pressures, however, one would not expect high
blood pressure to be maintained indefinitely and power estimates for this type of device should be

given at resting/normal pressure.
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Deterre has alsmvestigatedhe wse of PVDF membrane actuated by blood pred84je
In this work, a PVDF membrarveass | ocated at the end of a branc
connector. In this way the membrane does not impede blood flow and is actuated by changes in
steic pressure at the membrarizetailed examination was conducted the effects of various
methods of energy extraction from the piezoelectric polymer. These methods are namely classical
AC, classical DC, and active charge extraction method also knowiynabrenous switch
harvesting on inductor.

Deterre et al. haveportedon using the stagnation pressure of a diaphragm inside the heart
as blood flow again the devi¢8l, 35). The proposed device would be placed within a cavity in
the heart, utilizing the turbulent nature of the blood flow in the heart to rapsiliylate the
harvester. Fluctuations in pressure &mansferred through a flexible diaphragm with corrugated
micro-bellows and rigid shaft to a spiral spring with patterned electrodes and piezoelectric
bimorph. Circuitry similar to thateported byDeterre et al. used iRef. [29] convets the AC
power produced by the oscillating piezoelectric in to DC power, with a small amount of energy
lost due to deformation of the packaging (mibedlows). The energy density of the fabricated
device was reportetb be3 ¢ J / ¢ m3 iledoy &coneeptdesidgnit was predicted to be 6
e J /3cynie.

Wang et al.have demonstrateBolyZlimethylsiloxane (PDMS) filmghat exhibit both
piezoelectric and electret type properties, allowing farctarge coefficients much higher than
that of PVDF films[36]. These cellular PDMS films have an elastic modulus up to 32% lower
than solid PDMSThese materials could provide further opportunity to improeepérformance

of flexible harvesters.
2.2.2.2 Muscles and Joints

Kinetic movements of the body are among the most powsofuices of energgvailable
for harvestingdevices There are a myriad of external kinetic energy harvesters, however,
implantable devices arrarer. An interesting implantable energy harvester is the knee implant
designed by Almouahed et 4B7]. In this work, multilayer piezoelectric stack elements are
inserted into the base (tibial component)aof artificial kneeimplant and are stresd by an
intermediate plate, which supports the femoral component and thus the weight of the body. With

such a setup, forces ranging from 1000 to 2500 N were applied during the gait motion in
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experimental trialsA model for predicting pen circuit voltage outpuivas providedwhich
matched wellwith the experimental trials. The RMS power output from this implant was on the
order of several milwatts under optimal load resistance conditions.

Implanted biecompatible material could genegagnergy from tension in the attachment
of muscle tendon to the bone as proposed by Lewandowsk[&8Jalin this work, a piezoelectric
generator is affixed between the bone of a rabbit and the attached tendon (Fig. 28). Apart from
harvesting the energy from movement, the device also stores daetgpe by other devices, but
also uses some of the harvested power to stimulate the muscle. Lewandowski et al. dethonstrate
that sufficient energy is harvested to continue the process of stimulating the muscle and harvesting
the movement, as the animaladding work each timé&om its metabolismA power output
bet ween 150 and 300 ¢ uonvhe sppliedlcae (6RO N), daraigne n d i n ¢
(0.25 s) and displacement 23 & m) . As with the knee i mpl an:
observed, due tthe large forces involved. The power output from this work is unregulated and
Lewandowski et al. highlight the need for additional regulatory circuitry to be able to ¢émsure
the stimulation pulse given to the muscle is kept to the minimum necesgaoglitwe the desired
twitch force.

Using piezoelectric nanowires, it is also possible to harvest energy from small and delicate
areas of the body. The expansion/contraction of the lungs in breathing is another kinetic motion
which has been investigatdxy Li et al.[39]. The lungs of a rawere used to stress a singlére
generator (SWG), or a single strand of piezoeleetire. It was found that on average 3mV and
30pA (90 fW) could be produced. Similarly, Falconi et al. exerdihe modeling and integration
of piezoelectric nanowires throughout the b¢d@]. In this study itwas also repodd that the
energy productioris on the order of femtgoules.Power production is low ithese cases due to

the small capacitance of piezoelectric nanowires.
2.2.2.3 Chemical Energy Fuel Cells

Chemical energy could be directly harvested in the body by use of a fuel cell. Glucose fuels
cells have shown promising results in energy harvesting from sughe body[41-43]. The
glucose fuel cell operates by oxidizing glucose into gluconic acid, releasing two electrons. The
released electrons then flow asos loadresistanceThe structure of a glucose fuel cell and

chemical reaction anéustrated inFigure2.5.
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Anode | ¢ H,,0, + H,0 - C,H;,0, + 2H* + 2e-
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Overa” C6H1206 + j/202 - C6H1207

Figure 257 lllustration of structure and chemicadactions of an abiotically catalyzed glucose

fuel cell

Theconcept requirethat the fuel cell be placed in some proximity to blood flow, such that
blood glucose could be reacted in the fuel CHlle power output from such fuel cell devices is
reportedo be in the range of microwatts per square centimeter. Kerzenmacher et al. algolreport
that after 50 days in a Aphysiological gl uco:
indicating itis a good candidate for long term energy harvesrmgpmpared ttheshort lifespan
of devices based on enzymatic catalyd®.A glucose fuel cellvasdesigned bysouthcottet al.
for the purpose of powering a pacemakHeneir fuel cell was 100 mm x 40 mm x 3 mim
dimensionso it would not fit itheirpacemakerAffinity DR 5330L, St. Jude Medical The study
demastrated thafuel cell can however,produce approximately 600uWhich is enough to

nominally power the pacemakeéthe dimensionare largg44]

2.3 Selectionof Energy Harvesting Strategy: Vibrations

While electromagnetic harvesters have shdtet they can meet the size and power
requirements for implantable pacemaker applicetidhere have yet to be studasilable that
include their interaction with existingacemaker measurement and control circuitry. The question
of whether the strong magnetic fields of the ¢

<

interfere with the functioning of the devineeds to be addressed in future studMer all, these
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who received implanted cardiac pacemakers and instructed not to linger neaoltagepower
lines or microwave ovens, which batidiate electromagnetic fields.

The human body is an excellent source of energy and there exist numerous approaches to
harvest these energies to power implantable devices to increase quality of life. Solar energy and
acoustic vibratiortanbe harvestd by retina prosthesis and cochlear implant, respectively. Knee
prosthesis could harvest movements of knee joint. Remote ipgveérdevices could be done by
means of electromagnetic energy (including light energy) or ultrasonic vibration. Internally
avail able energy could be obtained from cardi
reaction with body fluid.

It has been daonstrated that energy harvesting devices of various forms have the potential
to derive appreciable amounts of energy. However, remote powering link loss or low output power
is the main challenge of this particular application. As all implanted devicetdsteonain small
in size, advancein material selection, transducer designd fabrication could be direction for
future study. It remains to be seen whetheergyharvesting can be done without significantly
altering the performance of the body, oimgmoticeable by the wearer. Any device which causes
the user to deviate from their normal activity will not be generally accepted.

There is the need for these devices ttaokledas a systerdesign problemsinceall parts
(transducer, circuitry, sensy human body, etc.) are all coupled and showlcbe considered
alone. For example, if transducer interferes with sensor function, it is of little wissiher
sufficient energyis produced, as the device will not function properly. This is true ofggne
harvesting devicein generalbut is exceedingly important for implantable devices as the source
of energy has feelingandis affected by the inclusion of harvester

From the various forms of energy harvestachniquepresented here,d¢tn be coduded
that attempting to power pacemakers through the displace(wdntgtions)caugd by the beating
of the heart would be the best optidrhis islargely due to their ability to fitwithin the size
requirements of the pacemaker housiipration hanestersare mostly higher aspect ratio and
thin devices,the dimensionsof which match well with the space availabbs well as, being
promising in the level of harvested power.

Like the review of implantable energy harvesters, a review of the-cft#ite-art in

vibration energy harvesters is now given.
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2.4 Reviewof Vibration Energy Harvesters

Low frequency excitation sources, such as automobileshuman body, industrial
machines, electronic deviceand domesticappliancesare source ofmechanical eergyin the
form of vibrationsthat can be scavenged to power or rechtrgw power devices such as cell
phones, MEMS componen{g5, 46], pacemakerg47], cameras48], wireless sensors and
actuatorg49, 50]. The demand foenergyharvesters for battery charging or replacement eixists
scenarios where maintenance is expensive and time cons{fing2]. Wasted mechanical
energy can be converted into usable electrical energy through transduction mechanisms, such as
electromagneti€53], electrostati¢54], or piezoelectri¢55-57]. It hasbeen shown by Marin et al.
that the piezoelectric transduction becomes relevant at the smaller size scales in the vicinity of 1
cm[58].

A significant impediment in the deployment of vibratibased piezoelectric energy
harvesting devices has been the limitation that most of the low frequency transducers, usually in
the form of unimorph or bintph cantilever beams, extract energy in a very narrow bandwidth
around the transducerodos fundament al frequenc
fundamental frequency causes a significant reduction in the level of harvested power, in some
cases byrders of magnitudes. Because the ambient energy sources can maltigdke and time
varying frequencies, this impediment has directed the research in designing structures whose
resonant frequency can be actively modulated to match the frequency ehaibiations.

Recent strategies for conformirige frequency response of an energy harvester to its
vibration source are based on exploiting nonlinearities through harvester geometry, boundary and
loading conditions to tune the resonance frequency avatibn the bandwidth. Ben Ayed et al.
modeled the frequency response and power output of linear and quadratic geometrically tapered
piezoelectric cantileverib9]. Masana and Dagaq characterized the effect of axial loading of the
natural frequency of preritical buckling load beam$0]. A study by Challa et al. determined the
response of a cantilever beam with permanent magnet tip mass, to ataadtiepulsive forces
from external magnets by varying proximity to the bg&dj. In the study conductelddy Mann
and Sims, a low frequency system was designed using two fixed magnets to levitate a center
oscillating magne{62]. Investigations by Shahrys3], and Sari et al[64], show thatwide
bandwidth responsean beachieved by creating arrays of geometrically varying cantilevers. Tang
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et al. as well as Twiefel and Westermann have compiled reviews of other notable broadband
vibration energy harvesting techniqué&s, 66).

Vibration-based energy harvesters have recently received significant interest in order to
operate lowpower electronics and replace small batteries that require expensive and time
consuming maimnance. Several investigations have been performed to design high power density
energy harvesters from unused mechanical vibrafd@®$1, 52, 56, 67, 68]. These designs vary
from simple beam and beamass systemp50, 68-71] to more complex structures includin
bendingtorsion, zigzag, and spiral syste[ii@-74]. The objective of these diverse harvesters is to
enableheharvestingf energy at specific frequenciesiinavasted mechanical energy in thieen
environment through various transduction mechanisms. Examples include electiasiatic
electromagntc [75], and piezoelectrif56, 68-70]. As mentioned earliethe piezoelectric option
has gained prominence at smsdhle especially when the dimensions are in the range of few cubic
millimeters.

A piezoelectric cantilever bearsubjected to harmonic or random vibratipissthe most
common cacept used in the literature. For these types of energy harvesters, resonant responses
are obtained when the excitation frequency matches the natural frequency of the harvester. These
resonant motiongesult in maximum deflection dfie structure, straingithe piezoelectric material
and producing electrical chargahich can be channeled a® alternatingcurrentacrossan
electrical load resistance. Different strategies and techniques have been applied to design efficient
low-frequency piezoelectric engy harvesters, such as considering different shape geometries
[72-74, 76-79], developing bistable configations[62, 80], and including magnetic couplings,

71]. As for shape geometries, simple and complex systems have been proposed in order to design
erergy harvesters that can operate effectively at an excitation frequency that matches their resonant
frequency. In general, passive tunable harvesters have been designed by using cantilever, spiral,
or zigzag configurations. However, a comparative analysierms of the efficiency of these
simple and complex energy harvesting designs is missing.

Piezoelectric energy harvesting has long made use of the cantilever beam due to its ability
to transfer a high amount of strain to the attached piezoelectris Jdgeguency tunability, and
ability to generate closed form analytical modeli8d-85] However, the shortcomings of the
cantilever structure, including narrow bavidth and the need for large tip mass and/or
impractically high aspect ratio to reach low resonance frequencies have been well established.
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Surmounting these deficiencies in the-@m@ensional cantilevelbased vibration energy harvester

has been a majoo€us in the literature, where techniques such as inducing nonlinearity using
magnetic coupling configuratiofp/, 65, 68, 86], axial loadind,60, 65 and mechanical
stopperg87, 88] varying crosssectional geometry76, 77, 89 and employing twalimensional
geometriept7,78,79,900100 have been examined. | ns defimedas st ud)
astructure that has constacrosss e c t i 0 n ,astiucturesvbo8e ceosection varies along

a single axi s, asarstdctae whetHe érosgectmmeoerives gr meanders in a

plane. It has been shown that 2D beam shapes can outperform 1D beams in termsdématye

and low resonance frequency for a given surface[@&a.

Vibration energy harvesters are designed most often to operate at resonance, where the
resonat frequency of the energy harvester matches that of the dominant frequency of the vibration
source. This matching of source and harvester mechanical impedances allows for the most efficient
transfer of power from the source to the harvester. Therefarmghaore power available to the
harvester, more power can be transduced. The tragic consequence of such designs is that outside
the narrow resonant frequency band, little power is converted. Addressing vibration energy
harvester bandwidth, and increaspmver output have been the major pursuits of researchers in
this field for many years. To this point, several review and comparison articles have been written
chronicling and categorizing the various strategies develde65, 81-84, 101-104

For any vibrationengry har vester, it is paramount t hat
match that of the sourcé&igure 2.6 below shows the level of excitation (base acceleration)
received by a pacemaker due to the beating of the heart, with data derivatiéraork ofDeterre
et al[28] Here the largest acceleratiaaround 12 Hz, which is caused by the primary beating
frequency of the heart. Additionally, there is a broader petikeen 2680 Hz. This peak is caused
by soft tissue resonance (or ringing) around the heart in responsewathef theimpulse of

each beat.
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Figure 2.6 1 Excitation level of vibrations received laypacemaker as a function of frequency.
Data derived froniref.[2§].

For a vibration energy harvester of the dimensions necessary to fit within the pacemaker
housing, a 22 Hz resonance frequency would prove quite difficult to effectively achieve.
Therefore, the broader 2B0 Hz peak will be targeted as a more realistic gaddlitionally, since
the level of excitation at this broad beam is around 0.1 G, all studpesaeer output are conducted
at this level of excitation.

From this review, it is evidd that 2D vibration harvesteshow promise, but have yet to
be compared directly to their 1D or 1.5D counterpartierms of output power and bandwidth
For this reason, the design of a vibration energy harvester suitable in terms of form factor,
frequency response, and level of harvested power is first explored by comparing the merits of 1D
and 2D vibration harvesters. To capture the broad resonance peak, ofgameasing the
resonant bandwidth of vibration harvesters is then expldfedlly, studies o optimizing

vibration harvester mode shapes for maximizing power output are conducted.
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2.5 Comparative Analysis of OneDimensional and TwoeDimensional Beam

Shape Vibration Energy Harvesters

2.5.1 Introduction

In this section focusis placed oncomparingthe performance between classidahe
dimensionalpiezoelectric energy harvest¢beammass system) and compl@wo-dimensional)
piezoelectric energy harvesters (zigzag system). Experimental measuranegrggormed for
these two types of piezoelecténergy harvesters with the same footprint (surface area) to quantify
the power density and tunabilifyirst the designs for each harvesiez establishedhased on their
most common configuration; the bimorph configuration for the cantilever harvestethan
unimorph configuration for the zigzag piezoelectric energy harvester. The dimensions were chosen
for each design, as shown in schematidsiguire2.7, such that the zigzag would have 25.4 x 25.4
mn? area(approximately the area available in the pacemaker housing)the cantilever would
have approximately the same surface area. In this w@yclusionscan be drawrabout the
performance of botlbf these structures and identify the regions where one hastadearover
the other.

Clamped Area

>
TN
Clamped Area
Figure 2.7 1 (top) Schematic of a bimorph piezoelectric cantilever energy harvester (PZT on
aluminum substrate), antdgttom) Schematic of unimorph piezoelectric zigzag energy hiaves

(PZT on steel substrate).
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The same piezoelectric material was used in both configurations to allow for reasonable
comparisons to be made between the output power density and overall magnitude of the power.
The piezoelectric material utilized was APB80BPZT witha 1 ds1 valueof 175pC/N anda i gs1
valueof 12.4x16°Vm/N.

2.5.2 Fabrication

The energy harvesting prototypegre constructed by first cutting the beam substrate
shapes from larger sheets of material (Aluminum and Steel for the cantilevezigaiag
configurations, respectively) via CNC machinir@ifferent substrates were chosen for this
comparison so that the frequency response characteristics of the two harvesters might be brought
closer together, allowing for reasonable comparisons to be meme. the zigzag structure is
naturally more compliant than the classical cantilever, steel was chogersabstrate making it
stiffer. Thus, the two harvesters would have overlapping frequency regions when paired with
appropriate tip massiue to the dation to the natural frequency given in Equat{dri6). The
piezoelectric elementgerethen bonded to the substrate at the areas of highest strain concentration
in order to harvest the greatest amount of power without signifjcacreasing the stiffness and
consequently the resonance frequency of the system. The baraiagcomplished using Loctite
120HP epoxy and allowg acureof no lesghan 24 hours at room temperature before testing. The

fabricated prototypes are shown measurement setupsHigure2.8.
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Figure 2.8 1 Constructed (a) cantilever bimorph and gigzag prototypes mounted in shaker

clamp with labeled points of ietest.

2.5.3 Experimental Setup

The constructed prototypes have reflective stickers (ofgibgimass) placed in a pattern
in the case of the zigzagnfiguration and at the beam tipthe casef the cantilever configuration
to allow the use of a laser Ddppvibrometer to monitor the velocity at those poihlste that the
point labels wee overlaid on the picture for illustration purposes amge not present on the
physical stickers, thus not altering their reflectivity. The experimental setup andicspecif

measurement equipment alisplayed inFigure2.9.
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Polytec PDV100
Laser Vibrometer
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dsp Technology SigLab
Model 20-42
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Figure 2.9 1 Experimental setup for cantilever and zigzag piezoelectric energy harvester tests,

482A16 Amplifier '1 " HP 6826A Power Amplifier N
= for T1-2 Shaker
for Accelerometer . . ake!

with key conponents labeled.

The measurement systemas controlled via desktop computer interfaced with the SigLab
module The SigLab produces a specified excitation voltage signal (sinusoidal wave ¢agh)
at low current, which wathen passed through the HRveo amplifier, increasing the current of
the signal, to power the T2Jshaker. The acceleration of the base of the energy harvesters (clamp)
and velocity of the various points on the beé&igire2.8) were read byhe SigLab from the PCB
accelerometer and PDV100 vibrometer, respectively. The voltage oubputttie piezoelectric
material wa also recorded (across varying load resistances) by the SigLab. All measureenents
done atop a vibration isolatiopillar, which by vrtue of its mass and location, svdargely
uninfluenced by the vibration of the surroundings (i.e. building, floor, persons walking, machinery,
etc.). All cables usedereBNC type, to provide shielding from any external electromagnetic noise
souces.As can be seen frigure2.8, the BNC cablevas notdirectly attachedo the piezoelecic
elements in each harvestatheritwas att ached via copper fdape ( ~F
gauge) wire. This gpoach wa implemented for several reasomnkin wire wasused so that the
attachment of wire(s) will not add any significant mass or stiffness to the piezoelectric energy
harvesters and thus not alter their dynamics. The wiegefirst soldered to theapper tape and
then adhered to the piezoelectric surface. In this way, one can avoid exposing the piezoceramic to
high local temperatures associated with the direct application of molten solder. The poling

directions and wire attachments used are show#ngiure2.10.
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Figure 2.1071 Poling direction and wireonnectiondiagram for (agigzag unimorph harvester

and (b) cantilever bimorph harvesteith piezoelectric ements were wired in parallel.

2.5.4 Experimental Analysis & Results

Analysisis begurby examining the frequency response dynamics of both the systems. This
is accomplished by applying a uniform white noise vibration input to each system and examining
the Fouier transform of the crossorrelation between the base accelerationbeaan tip velocity.

In this way, all frequencies are subjected to the same spectral energy and the dtigeesail 1

can be regarded dsttransfer functions of their respective systems. These measurements are taken
for both connecting the piezoelectric elements in stioctit and opercircuit configurations. One

would expect, as is evident Figure 2.11, that connecting the piezoelectric in short circuit
configuration allows the most charge to flow, effectively reducing the natural frequency
increased dampingror the zigzag case, a smaller volume of piezoeleutierialis utilized than

in the cantilever bimorph case and thus no measureable difference in frequency response between
open and shoiitcircuit configurations is observed. For this reason, only the open circuit cases for

the zigzag configuration are plotted.
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Figure 2.1171 Frequency response of (a) cantilever and (b) zigzag piezoelectric energy harvester

for varying tip mass and electrical connection. There measureable difference between open

and short circuit response for thigzag harvester, thus only the open circuit response is shown.

In addition, tip masses of 0 g, 0.94 g and 1.&8apmployed to examine their effects on
the natural frequency of the harvesters. It should be noted that increasing the tip masslier both t
systems results in a decrease in the natural frequency and an increase in the amplitude of
harvesterds vibration. A plot of the variatio

mass iresented ifrigure2.12 where for all tip mass cases the zigzag configuration has a lower
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fundamental frequency. The difference between the two systems is exceedingly evident at O g tip

mass, when the harvester s shape secamsactenstisst | y

—ea— Cantilever

...................................

Frequency (Hz)

IU.IS '; 1 .=2 1 .Iﬂ 1 .IG 1 .IS s
Tip Mass (9)
Figure 2127 Var i ati on of harvesterdos fundament al

H H H
0 0.2 0.4 08

cantilever and zigzag systems

A comparison between the deflections of the two configuratdribeir respective first
natural frequenciess performedfor the case of zertip mass.Note that all further testare
conducted at 0.6 baseacceleratior{where 1 G = 9.81 nds In Figure2.13, it is observd that
the deflections of the two systems at their respective natural frequencies are similar, with the
cantilever system exhibiting a greater deflection at resonance. The displacement Bigisan
2.13 show therelative displacement of the respective positions labele€igare 2.8 and are
realized by integrating the laser vibrometer velocity data at each point and averaging over several
(at least 10) periods. The basspilacement, which is integrated from the base acceleritiren
subtractedleaving only the relative deflection of the respective points. Finite Element Analysis
illustrations of the first natural frequency for each shape are also shdwgune2.13in order to

clarify the shape of each of the beams when excited at their respective fundamental frequencies.
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Figure 2.1371 Deflections of the point(hown inFigure2.8 at the first bending frequency of the

(a) cantilever and (b) zigzag piezoelectric energy harvesteasbatse acceleration of 0.1G.
Cantilever frequency is ~156Hzequewdyis+fB6Hnavkh def | ¢
a maxi mum def |Ilesetdshow FEAcdsults-f& furedamental mode shape for clarity.

Next, the effects of the electrical load resistance on the performance of the hamwesters
identifiedasshown inFigure2.14. Here, the electrical load resistance is varied while exciting the
system at a fixed frequency and for a given tip mass. The frequency was varied across a range near
that of the measured fundamental frequency of eachnsyktes shown that a similar power output
is obtained from both systems, despite tkéfierent form factors. In addition, an increase in the
tip mass is accompanied by an increase in the harvested power for both systems. However, the
more tip mass is sreased, the less effective it becomes in lowering the fundamental frequency

and increasing the harvested power.
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Figure 2.141 Average power output as a function of frequency, electrical load resistadds a

mass for (a)(c)(e) cantilever and (b)(d)(f) zigzag harvesters, at a base acceleration of 0.1G.
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FromFigure2.14, it is clear that the dynamics of the system changes for different electrical
load resistances$n fact, there is a shift in the peak frequency to the right when increasing the load
resistance. At higher load resistances, current is reduced ard\Vagles of the generated voltage
are obtained. Furthermore, varying the electrical load resisiamzacts the amplitudef the
average harvested powardicating that some optimum electrical load resistance must exist,
wherebythe most power can be derived frdhe piezoelectric element(s). To determine this
optimal electrical load resistance, the ¢xiton frequencys fixed to either the shortor open
circuit fundamental frequency for the cantilever configuration or sirtq@yopen circuit case for

the zigzag configuration and the electrical load resistaaded as shown ifrigure2.15.

o = 0g - Open
i, = 00 - Short
g = 0.94g - Open

10’ --O-- My, = 0.94g - Short
+ mtip: 1.88g - Open
G- M = 1.88g - Short
10’2 £ z n 1
10° 10° 10° 10° 10

Resistance (Q)

—e—my, = 0g
——my, = 0.94g
23 My = 1.880

10 10 10° 10° 107

Resistance (Q)

Figure 2.157 Average harvested power as a function of the electrical load resistance and tip mass

at a base acceleration of 0.1G, where for (a) the excitation frequithey@antilever harvester is

equal to the shofrtor opencircuit frequency, and for (b) the excitation frequency of the zigzag
harvester is equaltotheopen r cui t frequency. These frequenc
Figure2.11.
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Figure2.15illustratesthat the optimum electrical load resistance for the cantilever system
isintherangeof54 00 kY, depending on th200kYyY masge viad
zigzag system. The high optimum load resistance of the zigzag configuration is whysther
observable difference between open and short circuit conditions, as the optimum condition is
already very near open circuit. The difference in optimal load resistance values between the
cantilever and zigzag results from the size of the piezorleetyer(s) and the considered
connection between these layers. These two main factors determine, along with material
properties, the capacitance of each harvester. The optimal load resistance can be approximated by
the complex impedance of the piezoeleatr , or 1/ (¥C), where C s
piezoelectric | ayer(s) and ¥ is the excitatio
capacitance for the cantilever piezoelectric energy harvester with parallel connection and its higher
natual frequency for different tip masses result in a smaller optimum load resistance values for all
considered cases.

With the information gathered, a final comparison of power density or power per unit
volume is presented ifiable 2.1. The volumeof the cantilever harvester is 0.51 Tand the
volume of the zigzag harvester is 0.195°ciable 2.1 summarizes the first bending frequencies
and power densities of the cantilebémorph and zigzagiezoelectric vibration energy harvesters
for different tip masses. Clearly, dependingpn the available excitation frequency, the zigzag

harvester is always significantly better in terms of low natural frequency and power density.

Table 2.1 7 Summary of 1D cantilever bimorph and 2D zigzag unimorph piezoelectric energy
harvesters power density as function of excitation frequency and tip mass at 0.1G base

acceleration.

Tip Natural Power
Shape Mass  Frequency Density
(9) (Hz) (& WP)c
0.00 157.50 0.73
Cantilever 0.94 69.00 6.67
1.88 48.75 10.60
0.00 85.78 2.13
Zigzag 0.94 44.84 31.31
1.88 32.34 65.08
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2.5.5 Summary

In summary, two piezoelectric energy harvesters (bimorph cantilevemamdrph zigzag
shape) were developed (surface <7)ciihe results showed that tuned energy harvesters can be
designed to harvest energy at low frequency excitation (<100 Hz) and levels of harvested power
was on the order of micf@/atts from different coingurations with an input acceleration of @1
Depending upon the available excitation frequency, the tip mass and load resistance can be
changed to harvest maximal amounts of power. It was demonstrated that the zigzag piezoelectric

energy harvesteranbe a means of increasing power denfitya given harvester area (footprint).

2.6 Increasing Bandwidth UsingPreloadedFreeplay Boundary Condition

2.6.1 Introduction

In order to design the lodvequency and broadband energy harvesters a drastically
different apprachwas investigatedThis approach was established by inducing a second degree
of-freedom (termed here as preloaded freeplay), which has a resonant frequency near the natural
frequency of the harvestahe interaction between which creates a broadenaes@lateau rather
than a sharp peakn order to verify this approach, the concespisimplementedn two different
structures. Firstly, a unimorph zigzag piezoelectric energy harweasztesignedhat consisted
of steel substrate and piezoelectrigela Secondly, a conventional bimorph cantilever energy
harvester consisting of aluminum and piezoelectric layers was utilized. These harvesters were
subjected to direct vibration excitations and measurements were performed to determine the effects
of tip mass and electrical load resistance on the performance of these harvesters with and without
the preloaded freeplay effectssing the experimental setup and experimental methods of section
2.5

For vibrating sgtems, besides the physical structure of the system, the condition of the
boundaries plays the greatest role indigigamics of the system. In general, more free boundaries
yield lower frequency behavior, and more fixed boundary conditions yield higleprefiey
behavi or . This performance comes about becau
stiffness of the vibrating system. Since most ambient vibration sources are relatively low

frequency, in energy harvesting applications one of the boundarytioasds almost always a
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free condition. Typically the free end is considered to be the tip of vibrating beam and is where
mass is placed to alter resonant frequencies and amplitude of vibrations.

The other end of the beam, the base, typically has somredbclamping or fixation. For
vibrations occurring in one dimensional translation, beams can have both translational and/or
rotational degreesf-freedom. Thus, for each degrekfreedom there can be various levels of
clamping or freedom. lllustratiorf the three most common types of vibration boundary conditions
areshown inFigure2.16. Pendulumsllow free rotation but do not allow for (or clamp) translation.
Pendulums offer very low frequency performanceksao the freedom at the boundary, since the
only restoring force is gravity. Clamped beams, or cantilevers, do not allow rotation or translation
of the beam at the boundary. Cantilevers have relatively higher frequency performance due to the
fixed bounday, with the stress in the beam providing a restoring force. The hybrid between
Pendulums and Clamped boundaries is the Freeplay boundary condition. In freeplay, translation
is free, however, rotation is fixed. The vibration response due to such a bocmwldition can be

nonlinear and chaotic.

Vibration?
) @Eaas) )

_) | —

Mass

J

Pendulum Clamped Freeplay

Figure 2.1671 lllustration of the three most common types of vibration boundary conditions in
Pendulum (free rotation, clamped translation), Clamped (clamped mtekionped translation),

and Freeplay (clamped rotation, free but bounded translation).
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Pendulums do not lend themselves well to piezoelectric energy harvesting since the beam
is not stressed. Indeed, since rotation is free, there is nothing to causegbsnesses to be
transduced by the piezoelectric layer. Rather, they find application in electromagnetic harvesters,
not discussed here. Due to this reality, clamped cantilevers are nearly exclusively employed in
piezoelectric vibration energy harvestiagplications. Freeplay boundaries can allow some
relative motion between the beam and vibration source. When the beam translates against the
bounds of the freeplay, an amplified bending occurs since the base of the beam has an initial
velocity condition.This dynamic can aid in energy harvesting and harvester bandwidth, but is
inherently chaotic.

Combining the clamped and freeplay boundary conditions, into thessone d A pr el o0 a c
freepl ay o b o wasghavntp signiicandyiincreagbeharveser bandwidth without
creating chaotic vibration behavigr05

2.6.2 ConceptDescription

The characterization of freeplay has been studied in the context of aeroelastic vibrations,
where it is considered a negative effect, since it can create instabilities and make it difficult to
control aircraff 106. However, in thisection | propose to utilize freeplay as a positive effect in
energy harvestm

We start by proposing clamp which is connected to the vibration source (shaker) by a
screw with threads that are slightly mismatched with those on the shaker adapter. Through this
modification, the screw is still able to be tightened sexclure the eimp to the shaker as shown in
Figure2.17(a). However, there is a larger than normal air lggiveen the external threads of the
clamp screw and internal threads of the shaklapter as shown Figure2.17(b). The preloaded
(tightened) screw with the clamp acts as a spmags system as shownFigure2.17(c). When
this springmass system resonatdserte is enough force to overoe the applied force due to the
preload condition. This phenomenon causes a freeplay to occur between thesai@wm@and
shaker adapter, creating a second degfdeeedom. Therefore, there is a degoddreedom
caused by the stiffness of tR&EH (kbean) and another degred-freedom between the clamp and
the vibration source Ekew. It is important to note, that this freeplay condition and subsequent
second degreef-freedom only exists in the frequency band where the clsongw system

resonates andt all other timest can be consideredsa single degreef-freedom system. By
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tuning the natural frequency of the clarsgrew system near the natural frequency ofRE&i
system, a broadband frequency response is created. Heralecthieal performaceof the device

was maintained athe optimumlevel across a larger range of frequencigss principlewill be
demonstratedn two different structures and use the results to discuss the physical basis behind

the enhancement.

(@) = (D) (0
e e
S = — Clamp :
Shaker — — Screw \ .\, kscrew
B \—— Adapter™ ' \
‘ — Shaker b ‘ Iz(t)

Figure 2.1717 Representations of the preloaded freeplay phenomenon: (a) a physical representation
of the piezoelectric energy harvester (PEH), clamp, and shaker system, in which the clamp and
shaker are held together by (b) a pagled (tightened) screw with slightly mismatched threads
allowing a larger than normal air gap between threads. When the excitation frequency is at the
fundamental frequency of the clarsprew system(c) the response is enough to overcome the
preload forceand induce a second degiafefreedom, with one degree due to the stiffness of the

PEH (kean) and one due to the proposed preloaded freeplayk

The effect of the proposed preloaded freeplay boundary condition on energy harvesting
capabilitieswas investigated for onelimensional(1D) cantilever Figure 2.18(@)) and twe
dimensional2D) zigzag Figure2.18(c)) PEHs These two structures were chosen, as it has been
shown that 1D and 2D beam shapes can have advantages over one another in certain situations,
andit wassought to examine the different effects, if any, freeplay would have on these PEH beam
shapeq99, 107]. The dimensions werehosen for each design, as shown in the schematics in
Figure2.18(a) and (c)such that the zigzag wouldve25.4mmx 25.4mmin crosssectional area
and the cantilevewill also havesame surface area. In this waycomparative analysisan be
performedindependent of the area of the harvesldrese are the same beamsduse the
experiments oBection2.5. The piezoelectric materiandthe base excitation (0G (9.81 m/g))

werekep atthesame level in all cases to allow for the reasonable comparisons to be made between
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the power outputs of the two harvester structures. The properties of the piezoelectric material are
listed inTable2.2.

(a) Clamped Area
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Figure 2.187 Schematic (dimensions in millimeters) and constructed prototypes mounted in a test
clamp attached to shaker, for cantilever (a) and (b), and zigzag in (c) and (d). Note that both the
configurations have a surface area of approximagdmnt.

Table 2.271 List of piezoelectric material properties.

Supplier American Piezoceramics
Material APC 850 (PZT)

-d31 (pC/N) 175

-g31 (mVm/N) 12.4

2.6.3 Experimental Results

We start our analysis by comparing the deflections of the two configurations. Deflection
of the beam tipsvere measured at their respective fimssonanfrequencies byntegratinglaser
vibrometer data with respect to time. A detailed dpton of experimental procedure and
equipmentinformation is provided in the supplememnyadocument It was foundthat the tip

deflections of the two configurationwere quite similar, with the cantilever and zigzag
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piezoelectric energy harvesters havimg x i mum def |l ecti ons of appr ox
respectively, at 0.1G base acceleration and Og tip mass.

In Figure2.19, it is shown that the deflections of the two systems showhRigure2.18 at
their respective natural frequencies were similar, with the cantilever system exhilstigigtiy
greater deflection at resonance. The displacement plotSigare 2.19 show the relave
displacement oftie respective beam tipand were obtained byintegrating the laser vibrometer
velocity data at each point over several periods, and averaging them together into one period. The
base displacement, integrated from the base acceleratsnthen subtracted leaving only the

relative deflection of the respective points.
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Figure 2.19 1 (Left) Deflection of beam tip at the first bending frequency of the cantilever
piezoelectric energy harvest(~156 Hz) at a base acceleration ofG.Max deflection ~6& m.
(Right) Deflection of beam tip at the firstaturalfrequency of theZigzag piezoelectric energy

harvester (~86 Hz) at a base acceleration o€30.Max deflection ~5& m.

Next, tip masses of §, 0.47g, 0.94g, 1.42g and 1.88) were employed to era@ne their
influence on the frequency responkes observe thatfor both systemacreasing the tip mass
results in a decrease in natural frequency and incre#iseamplitude of vibrationFigure2.20(a)
shaws the variation of the fundamental frequency as a function of the tip Glassly, for all tip
mass cases, @an benoted that the zigzag harvester tiaslower fundamental frequency. The
difference between the two systems is exceedingly evideng &ppOnass, whet he har vest e
shapewvasmostly responsible for its frequency response characteristics. The natural frequency of
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the clampscrew, designated as the spring frequency, is not a function of the tip mass. For each tip
mass case, a frequermegponse functiowas generatedis Figure2.20(b) and (c) show, whenever

the natural frequency of the PEH is near the springiéeqy, a broadband effagts observed as

the resonant peaks of the harvester andgfrequencies combidemaintaining an elevated level

of beam deflection across a wider band of frequencies. It is important to note that for the other
cases, where the natural frequency of BieH is tuned to a frequency not near the spring

frequencythe system behaves as a simple single degfréeedom system.

(a) ----- Sprlng (Cantllever) ‘_ mtip = Dg - mﬁp = 0429 mﬁp = 0949 mﬁp = 1429 —_— mtip = 1889
140+ —o— Cantilever
SN T Spring (Zigzag) : |
T 120 ——Zigzag —_ (b) | 35 (C)
| m 45 ) .A;‘ 4» |
& 100} E | 30
40 7
S | 25
| =
£ : 20
@©
= . v 15 M
10-
40 60 80 100120140160180 30 40 50 60 70 80 90

0 05 1 15
T|p MaSS (g) Frequency (HZ)

Figure 2.2017 Dynamics of systems subjected to preloaded freeplay effects. (a) Dependency of
ASpringo (prel oaded verramdeigzagnatiral frequergiaseon tipymass.c a n t
Note the natural frequency of the piezoelectric energy harvesters (PEH) is inversely proportional

to the tip mass, while the spring frequency is largely independent of the tip mass. Frequency
response functizs for cantilever (b) and zigzag (c) for each point in (a), measured in arbitrary
decibel units, showing the induced broadband effects due to the interaction of the two degrees of

freedom as the fundamental frequency of the PEH approaches the springdyeque

After finding the frequency regions whetee broadband effecvasobserved, sweeps of
frequency and electrical load resistance were conducted to locate the maximum power point. In
Figure2.21, it can be seethat the regions where the beam dynamics are broadbauueg2.20)
are alsoresulting in a larger frequency region whereby power out@ast maintained at a high
level (dashed lines), as compared to a fix boyndandition single degreef-freedom system

(solid lines). What is interesting is that for the normal case, the average power output has a higher
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peak than the spring case for the range of b&z.2nd 56.2Hz (around 1 Hz difference). On the
other hand,ricluding the spring effect is very beneficial for all frequencies outside the resonant
range (55.Hz - 56.2Hz). In theapproximateaange of frequencies between 84 and 58Hz, a
broadband response of the harvester takes place. In fact, any varidhisnrange yields almost

the same level of average harvested power. This result is the same for all electrical load resistances.

——R = 10" Q Normal
—8-R = 10% 0 Normal
¢—R =10° Q Normal
4-R =10* O Normal
—v—R = 10° Q Normal
—0-R=10" 0 Spring
—B-R = 108 Q Spring
R = 10° Q Spring

R = 10* Q Spring
—~—R=10°Q Spring

Power (uW)

Frequency (Hz)

Figure 2.21 7 Power output as a function of frequency and electrical loatamce in the
broadband interaction range for cantilever (a) and zigzag (b) systems, with the solid lines with
filled points corresponding to the Anor mal o (

withnonf i | | ed poi nt s ¢ onrgroe s(pporned ionagd etdo ftrheee pAl sapyr)i b

Similar to the zigzag geometry, for the normal case of the cantilever piezoelectric energy
harvester, the average power output has a higher peak than the spring case. On the other hand,
including the spring ééct is beneficial only for certain frequencies outside the resonant range. In
the range of frequencies betweenHiztand 71Hz, a broadband response of the harvester takes
place. Unlike the zigzag energy harvester, the classical cantilever beam cése thdethe two
degreeof-freedom( fi S p rcasa \ghen the excitation frequency is larger than 66.5Hz. For lower
values of excitation frequency, maximum harvested power is obtained when including the spring
effect.

We can conclude that if the availal#gcitation frequency is in the resonant frequency
range, the energy harvesters with fixed boundary condition are better than the harvesters with

preloaded freeplay boundary condition. Outside the resonant range, including the spring effect
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results in highevalues of the power outpuasshown inFigure2.22(c,d). The preloaded freeplay
clamp spring broadband effect was shown to be very beneficial for the zigzag system but less
effective for the cantilever bimorphystem because of the greater compliance of the zigzag
structure, making it more sensitive to the induced second deGfemedom. This is evident in
Figure2.22(a,b) where the increase in halbwer bandwidth isarger for the zigzag structure than

the cantilever bimorph. Additionally, froffigure2.22, it is shownthat PEH haHpower bandwidth

is largely unaffected by load resistance, and power output displays the nanaabl trend

(when plotted on logog scale) with or without the preloaded freeplay effect.
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Figure 2.227 Half-power bandwidth and power output at as function of electrical load resistance

for cantilever(a,c) and zigzag (b,d) systems.
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2.6.4 Tuning the Preloaded Freeplay Effect

Tuning the frequency and amplitude at which the preloaded freeplay phenomenon occurs
is accomplished by controlling the mass of the clamp and tightness of the connection (preload).

As Figure2.23(a) demonstrates, adding mass to the clamp both lowers the spring frequency and

causes anincreaseanmp | i t ude. Her e, the fANormal 0 case 1is
i's not i nt rroelwa ecdas €l hies AiBten the freeplay (st
AScrew + MassoO case is adding approxi mately

addition, tightening the connection between the clamp and vibration source has little effect on
spring frequency Figure2.23(c)), but proves to reduce the amplitude of freeplay effect, as preload

is increased. Here, fASnugo refers to a preloact
connected!| gndi Rt enedod refers to a preload wh
further by hand with a 5cm hex wrendkigure2.23(b) and (d) show a qualitative illustration of

the effects seen iRigure2.23(a) and( c ) respectivel y. The shaded
Lined represent the area where the response
preload of the tightened screw and the system remains a siggé=défreedom system. Above

this region the response is large enough to overcome the preload and induce a secomd-degree
freedom. A combination of adjustments in clamp mass and tightening of the clamp screw can move

the effects of the freeplay condiido a frequency range which are near to the harvester dynamics.

This tuning capability is demonstrated for the 042 mass case of the zigzag harvester and

0.94¢ tip mass case of the cantilever harvester, where the spring frequency was adjusted to
approximately 65.9Hz and 5z respectively, to broaden the existing peaks of the harvester

response.
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Figure 2.231 Effect of clamp mass (a) and screw tightn@son frequency and amplitude of

prelcaded feeplayeffect lllustrations (b) and (d) offer a qualitative depiction of the effects seen
in (a) and (c) respectively and when one degrifeigeedom (DOF) or two are present.

2.6.5 Summary

In conclusion, a two degreed-freedom piezoelectric energy harvestess proposed
based othemo di fi cati on of t he desr@bedsdprelbaolad frebplayy ¢ 0 n
condition, rather than fixed. The results showed that tuned broadband energy harvesters can be
designed using a preloaded freeplay clamp spring $mringbending coupling effect, combining
the bandwidth of the two degreetfreedom. Dependingpon the available excitation frequency,
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the tip mass and spring frequency can be designed to induce broadband Aftectgparative
analysis was performeldetween bothcantilever bimorph and zigzag unimorplarvesters to
deterministically establish the advantages of the preloaded freeplay boundary cokidilen.

both harvesters benefited, in terms of broadband response, the effects of preloaded freeplay we
greater on the zigzag harvester due to it being more compliant than the cantilever birsorgh.

this approachit was demonstrate that the coupled degred-freedom dynamics results an
approximatéy 4-7 timesincrease ilPEH halfpowerbandwidth over the fixed boundary condition
caseasshown inFigure2.22.

This increased frequency range comes with the compromise of peak harvested power, as
can beseen inFigure2.21. Indeed no spectral energy (integrated area under the curves) is gained
via the preloaded approach. Rather, it is spread out over a much larger range instead of
concentrated in a narrow band. Though, some energy is even lost through the freeplay.
Newertheless, this technique is best suited for, and provides advantages in, applications where
excitation frequency is broad, such as in impact/impulse loading (ex. human gait, heart beats) and
noisy environments (ex. structural vibration), or where exoitdtiequency is time varying, such

as in rotating machinery which do not maintain astant operating rotation speed.

2.7Increasing Power Generation Using Two-Dimensional Concentrated Stress

Structures

2.7.1 Introduction

In this section, a more optimized 2D beahapewas pursuedwith the goal of increasing
electrical power production, while confining the harvesters to a 25.4x25.4ne@. This form
factor allows for applications in implantable technologies (ex. pacemakers) and mobile electronics
(ex. laptop compters, and cell phones).

Previous studies have focused on using 2D beam shapes to lower the resonance frequency
to match the low frequency sources, using zigzag/meand@ng2, 93, 96-100, spiral[94, 95,
10§ and circular a8, 90, 91] shapes. These geometries are effective at lowering the vibration
resonancdrequenciedy reducing the stiffness of the 2D cantilever structbi@wever,in the

pursuit of low natural frequency, it has been overlooked that lowering beam stiffness is being

61



accomplished by distributing stress throughou
stress the piezoelectric element(s), and subsequestheases the electrical harvested power.
Situations may demand this compromise in orde
dynamics, nonetheless, in many other scenarios power deesiths to be improvedHereit is

sought to improve theledrical responsasingthe proposed 2D beam shapes while simultaneously

seeking to maintain the low frequency dynamics.
2.7.2 Concept Generation

Upon reflection of the results of the experimentSedttion2.5, it became apparent that
for 2D beam shapes, the resonance frequency itself does not tell the whol®istoparticular
shapean terms of output powefor this reason, many new beam shape® designethat could
be made in the same PareaTable2.3 throughTable2.7 tabulate simulation results for several
new beam shapes. For all simulations, 6061 Aluminumusadasthe constituenimaterial. For
the fundamental mode shape simulati@spws indicate the proposed location(s) of tip masses,
however a tip mass of zero was used in simulation of mode shapes. The coloration is on a scale of
displacement and all figures are of the same sEalethe stress analyse unittip mass was used
in each simulation. This means that for shapes that required two tip masses to be symmetrically
loaded, the two tip masses summed to the mass used for the shapes where only one tip mass
location was used. In this way, all systems retained the same &8sl All stress analysis figures
are on the samarbitrarystressscale.

It is also important to note that all of these simulations are for the beam only and do not
take into account the additional piezo ceramic that will be bonded to the beams. Theilhiezo
affect the dynamic characteristics of each beam in its own way and is something that will need to
be analyzed more carefully on a case by case Bdsesstress analysis is for a static load, which
is sufficient for describing the fundamental modepgha

Thebeams shara standard span width of 4.28mm and spacing of 1mm, which was to be
used as standard dimensions for all subsequent designs. Interestingly, the Zig&mrand
showed the same fundamental resonance frequency. As is evident fronesbedstribution of
these two shapes, the Spiral has lower stress, making it more susceptible to stiffness changes
brought about by the additional of piezo segments. It was then examined, the effect of rotating the

Zigzag pattern along with making a reveéspiral. These designare shownn Table2.3.
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Table 2.37 Beam shapes of interest (Zigzag and Spiral)

Name Schematic Fundamental Mode Shap Stress Analysis

Zigzag

Spiral

Rotated
Zigzag

Spiral

Revert

Q yaog

Nextthe effect of combining the Zigzag and Spiral desigas investigated with the goal
to combine the favorable gperties of both. These efforts resulted in the Sidewinder and Sidecart

designs, showm Table2.4.
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Table 2.47 Beam shapes of interest (Combination Spdligizag

Name Schematic Fundamental Mode Shap Stress Analysis

Sidewinder
g
|
Sidecart QQ (UA),

After reviewing the designgresented irmable2.3 andTable2.4, it became evident that
the Zigzag and Spiral bed designs always distributed the stress acrossrtigse. In this way,
lower natural frequencies are achievable, however, since the stress is distributed so much, one runs
into the conflict of percentage of piezo covering the structure to harvestyesai negatively
affecting the dgamics A designwas then pursueithat would effectively concentrate the stress in
the structure to a particular span. In this way, a saraficoveed bya piezelectric layemwould
be more fully stresxd and the dynamg of the beam less affectbg its presence. The results of
these efforts brought about the Elephant, Curl, Flex and Twist designs, shdaile2.5. One
will notice thatthe resonance frequenty these designare higher than the Zigzag and Spiral
designs This is because the stress is concentrated instead of distributed, resulting in higher
resonance frequency. However, as mentioned previously, this does not tell the whole story

because, for this design, lggszo can be used to achieve the same result in power.
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Table 257 Beam shapes of interest (Stress concentration)

Name Schematic Fundamental Mode Shap Stress Analysis

Elephant

Curl

Flex

Twist

In a further attempto stress a particular span of the beam, designs that maximized the
length of the span coming from the clamped enth&ofirst tun of the beanwere conceived
resulting in the Spartan, Leia and Mopar designs, availablalote 2.6. Thesedesigns vyield
interesting results, with resonances in between the previous groups and unique siegfdst

and concentrations.
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Table 2.6 17 Beam shapes of interest (Longest initial span)

Name Schematic Fundamental Mode Shap Stress Analysis

A

) g

"Q p oD

<

"Q p oD

Spartan

Leia

o

B
Mopar o o \‘l'J
e =

"Q puLOAG

A simple cantilever beam of length and width standard to the other designs presented
earlieris shown inTable2.7 for thesake of comparisorit should be noted that all of the 2D beam

shapes show between & 2old decrease in fundamental frequency.

Table 2.7i Comparison to equivalent size cantilever beam

Name Schematic Fundamemal Mode Shape Stress Analysis
o <.
Simple | . > ““-‘
Cantilever
Q 1T nOa
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The designs with 180 degree turns prove more favorable than thadeindorporate 90
degree turns. This is due the fact that right angle turns in the beans er@adenent arm on the
previous beam span, inducing torsion. This tordeaches from the desired bending stresses, since
the crosssection of the beam is a wide, flat rectangle, which resists torsion. This is another reason
why the Zigzag design tends to outperform the Spiral design as the 180 degree turns minimized

these orsion inducing moment arms.
2.7.3 ConceptEvaluation

In order to validate the simulations shown in the previous section, four of the more
promising beam shapes were manufactured. The designs chosen for mangfactve the
Zigzag, Spiral Revert, Elephant aRldtx designs. For each design, a beas fabricatedvithout
apiezcelectric layey to validate the vibration model simulation, and a beam ajitezcelectric
layer, to observe the effect of adding stiffness to the structure. The fabricated test spacenens
shownbelowin Figure2.24. All specimenswerecg CNC mi I I ) from the sam
thick mild steel. Identical pieces of piezo (APC 850) were also cutstom fit thedimensions of
t he b e andddbonded o the beafabrication steps follow those of sect@.2

Elephant  Zigzag  Spiral Revert  Flex Zigzag  Spiral Revert Flex Elephant

Figure 2.2471 (Left) Beam specimens without piezoelectager. (Right) Beam specimens with

piezoelectric layer.

The first beam to undergo testing was the Elephant design (without piezoelectric layer).
The testspecimen was first subjected to random base excitation frequencies ranging- from 0
500Hz (using thesame experimental setup described in sec?&8B). The laser vibrometer

measurd the velocity of key positions on the beam, shown a®®1nFigure2.25. The silver
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circles at each measurement position are dots of reflective tape of negligible mass, whichsmprove
theresolutionof the vibrometedataby reflecting the laser directly back to the vibrometer instead

of having it scattered by the dull metal surface ofdeam. The Fourier transform of the cross
correlation of the vibrometer measurement and the base acceleration (accelerometer mounted to

clamp) was then used to establish a frequency response for theats@shown in Figure2.25.

Elephant - My, = Og

Magnitude (dB)

80 L L L L
0 100 200 300 400 500
Frequency (Hz)

Figure 2.2571 (Left) Measurement positions on the beam with (Right) corresponding frequency

response functions.

As is evidenin Figure2.25, recardless of the location of the vibrometer measurement, the
measured resonance frequencies were the same andwere oc&'Odand™Q o ngOa

Since all points yielded the same frequency peaks, all subsequent measurements for frequency
response were taken at P5, where the resdonske first natural frequenaoyas the largest. Tip
masses were then placed on the outermost span of the beam in increasing amounts, ias shown
Figure 2.26.
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Figure2.2671 Pictures of how tip masses were added to the beam during testing.

The resulting frequency responses are showkigare2.27, and frst two resonance fregueies
in Table2.8.
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Figure 2.271 Frequency response for increasing tip masses.
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Table 2.871 First and second resonance frequencies as a function of increasing tip mass, for beam

without piezo

Meip = 0 Mip=470mg mgp=920mg mgp=1380mg mg = 1870 mg
MQ poPOG Q YOG Q xR UVOG Q e@Oa Q v ®Oa
MQ on@od Q P0G Q ¢ wFHOG Q ¢ wHpOa Q ¢ w®)Od

One will notice that the fudamental frequency predictadTable2.5 was 139 Hz, and the
experimentally measured fundamental frequency was 131.5 Hz. Tihiga®d agreemenwith
the modeland the lower measured frequency can be expldigdde facthatthe model had the
structure clamped right on the border of the one inch square, where in reality a small amount of
space is given between the edge of the square and the clamp, so that they do not come in contact
while vibrating. This effetively lengthens the center span of the Elephant, resulting in the lower
frequency. It is also worth noting that the second resonance frequency is largely unaffected by the
lowering of the fundamental frequency with this tip mass configuratibis.phenonenais further
explored inSection2.8.

Integrating the velocity data, obtained by the vibrometer, at each pcin8Pthe mode
shape of the beam can be verifidelgure 2.28a shows tle averaged displacement of the
measurement points across one period and corresponding schematic of measurement positions
(Figure 2.28b). These two were then overlaid to create an animation of the beam vibration, of
which the maximum deflection is shown kigure 2.28c and compared to simulatigfrigure
2.28d). The measured experimental first mode shape matches well with the presthctsation

first mode shape.
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Figure 2.2871 a) Averaged measured displacements for one period. b) Schematic of measurement
locations. ¢) Measured first mode shape isometric view. d) FEA simulated firg siaghe

isometric view.

2.7.4 Effect of Piezoelectric Layer

The same experimental steps were followed as in the previous case to examine the effect
of adding the piezoelectric layer tbe beam.Figure 2.29 shows frequecy response for the
Elephant beam with PZT for increasing tip masses, whalele 2.9 summarizes the measured

natural frequencies as a function of tip mass.
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Elephant
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Figure 2.2971 (Left) Frequency response function for increasing tip mass. (Right) Measurement

point for the Elephant beam with piezoelectric layer.

Table 2.971 First and second resonance frequencies as a furadtinareasing tip mass, for beam

with piezoelectric layer

Mip = 0 Mip = 470 mg Mip = 920 mg Mmip = 1380 mg  mgp = 1870 mg

Q poeWMOF Q pmEOA Q YOG Q X @O Q ¢ @0d
Q oco@Oad Q oco&MOa Q oc&W0OG Q ocHOG Q o¢HPOa

The addition of piezo, as expected, increased the resonance frequencies as stiffness was
added to the system. This effect is not dramatic, however, aratitiigon of a small tip mass
quickly brings resonance below 100 Hz. As before the displacement was integrated from the
velocity measurements and used to illustrate the fundamental mode shape, as dhigwrein

2.30.
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b) Elephant Beam Schematic with Measurement Positions
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Figure 2.307 a) Averaged measured displacement for one period. b) Schematic of measurement

locations. ¢) Measured first mode shape of Elephant beam with PZT isometric view.

The overall shape of therst mode is largely unaffected by the addition of the piezo,
however, the amplitudes of the displacements are approximately halved, due to the increased
stiffness With the knowledge that simulations do not differ significantly between simulating with
or without the piezoelectric layer, the otHabricatedbeam shapes were evaluated for what is

ultimately the most importamarameterthe power output.
2.7.5 Further Explanation of Design andPredicted Performance Increase

| begin by examining the currestandad for 2D beam shapes, the Zigzag beam shape
shown in the schematic drawing Bigure 2.31(a). Since stress transfer from the beam to the
piezoelectric material is of principal importance, a finite element stnadgsis of the Zigzag beam
shape was conducted, as presentdélgnre2.31(b), for the first bending mode, found kigure
2.31(c). Figure 2.31(b) shows the distributed nature of the stresses in the undeformed Zigzag
shape, colored with stress magnitudesulting from first bending mode vibrations, where warm
colors represent tension, cold colors represent compression, with gpeesenting zero stress.
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Simulations are done in the Stress Analysis environment of Autodesk Inventor Professional
2013.The simulatios takes into account the forces of gravity and of the tip mass. The tip masses
are treated as point force for simplicifjhis is a valid approach as the tip masses only add a
constant force to the end of the beam, and since the beams undergo small def&ictiplys.
assuming beam stresses by adding point forces to tisentpp sufficient to describe the distributed
massof the beam, which is why gravitational forces are also considered in the simulations, which
take into account the distributed mass of the beam in stress calculations

Distributing stress makes for a more compliant (i.e. less stiff) beam, with low Inatura
frequency. However, this creates a problem when determining where to place the piezoelectric
layer(s). If the piezoelectric material is placed throughout the beam, it must be separated and poled
in opposition to adjacent segments, as discussed by Beatly #)] due to the alternating sign of
stress, ashown inFigure2.31(b). Furthermore, the closer one gets to the-éme of thebeam,
the lower the magnitude of stress. Ttesults in the situation where each successive segment of
piezoelectric becomes less effective and connectingpliked segments in parallel leads to
detrimental charge redistribution and loss of effici¢h0§ 11(. For this reasont was chosen
to place the piezdectric material only on the first segmentlo¢ Zigzag harvester, where stress
is the highest.

Tension
Positive Deflection

Fixed

Compression

g
51
51

=
1}

a
o

A=
=
20
5}

Z

Figure 2.311 Dimensioned drawing, finite element stress analysis for first bending mode, first

mode shapeand picture of the fabricated device in test setup for Zigzap), (Blex (eh), and
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Elephant @il) beam shapes, respectively. Coloring of (b,f,j) are all with respect to the same
arbitrary stress scale, and coloring of (c,g,k) are all with respect teathe arbitrary modal

displacement scale.

In order to solve the problem of distributed stress in 2D beam shiesext soughto
create a struate whereby stress is focused onto a single beam segment, upon which the
piezoelectric material may be mesfectively placed. Another problem to consider is the presence
of torsional forces in the Zigzag design. Torsional stresses are not readily harvestable by the flat
rectangular profile of these planar 2D beam shapes, due to the resulting orthogomddityriaf
field to the material polarization and electrodes, and are therefore undedatitel]. Harvester
performance should increase if these forces are removed or ideally transformed into bending
forces. Torsional forces are also present in spind aresegment based desigi¥s, 90, 91, 94,

95, 109. Berdy et al],79] have addressed this problem by connecting two Zigzag bleapes at

their freeends, creating a fixefixed configuration. Exploiting symmetry to reduce the onset of
torsional forces is valuable; however, a cantilever configuration is a better performing option to a
fixed-fixed configuration. Therefore,thesymmet ¢ zi gzag c antigidtreducedr , t er
and presented iRigure2.31(e). It can be noted that the stress in this design is more concentrated

in the first segment near the fixed end, as showfiganre2.31(f). This is due to the decrease in

torsional forces by symmetry, allowing for a more pure bending motion to occur. In this case,
rather than placing a unit force on the tip of the beam, &sgure 2.31(b), a half unit forcas

placedon both terminating free ends of the Flex beam shape. The bending motion is also reflected

in the mode shape &igure2.31(qg).

With the Flex degin, torsional forces are still present due to the two ends being free (i.e.
unsupported). It does seem counterintuitive; the merit of the cantilever is thefréred
configuration, however, in the 2D case, the presence of thefice@ot being collineawith the
fixed-end, creates undesirable torsional effects. It is in the spirit of eliminatingrice but
somehowmaintaining a cantileveike configuration, the closedircuit symmetric meandering
configuration, t er mieglre2BHi), egs Heaatopedn Figura281§)laay e d i
high concentration of stress can be observed in the first beam segment, due to the optimally pure
bending motion of the mode &be, rendered iRigure2.31(k). This is accomplished by joining

75



the meanders on either side of the plane of symmetry at the top of the beam, forming-a closed

circuit, whereby torsional effects are forced to caoncel
2.7.6 Experimental Setup

To validate the findings of the finite element analysis and quantify the merits of the given
concentrated stress structures, experimental investigations were conducted on a series of fabricated
test specimens. These test specim@ase constructed, according to the dimensions given
Figure2.31(a,e,i), with the substrate being mild steel and the piezoelectric layer being American
Piezoceramics APC850 PZT. Attached to each harvester vgeré.88g tip masses, consisting of
four 6.35x3.175x3.175mm neodymium magnets, chosen for their ease of installation and
reconfigurability. The fabricated test specimens are showkrigare 2.31(d,h,l), while the

experimental setup is pictured kigure2.32.

Accelerometer | |
Amplifier

, = s
erometer

——

Harvester
—z

ﬁstance Box

Figure 2.321 Experimental setup for characterizing the harvesters fabricated in this section.

Individual harvestergere then placed into a custom clamp and attached to a TMC Solution
TJ-2 modalshaker, which was placed upon a Newport ST series Smart Table vibration isolation
table, as picture ifrigure 2.31(d,h,l). Reflectivedot stickers (of negligible mass and stiffness)

were applied to various spots on theams to provide points to shine a Polytec PDV 100 laser
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Doppler vibrometer onto, so that beam vibrations and mode shapes may be measured. Using an
alignment shim, the eegof the harvesters were made parallel to the clamping face with an offset

of approximately 300em, so that the beams woul
base excitation, a PCB Piezotronics model 352C67 accelerometer was adhered tgthesoigm

adhesive wax, with output conditioned through a PCB Piezotronics model 482A165 amplifier.
Electrical load resistance across the piezoelectric layer was varied using an IET L20% RS
resistance substituter. Data acquisition was accomplished DSIRgTechnology SigLab Model

20-42, and National Instruments 9234 and 9929 cDAQ cards. It is important to note that any
voltage measurementtee s pl ace across some internal resi s
true load experienced by the harvester is the combination (usually in parallel) of the given
resistance and the internal resistance of the measurement equipment. This fact seems to b
overlooked in some of the literature, which can significantly impaetreported optimal load

value This error would not change the level of reported power, as the actual resistance given to

the system is what it is, though the value given isnitis reported.
2.7.7 Experimental Results

The designed harvesters were subjected to varying frequency input (base excitation) and
load resistances. Base excitation was held constant at 0.1g acceleration across all frequencies. Both
frequency and resistance wereigd manually until maximum values were located. The predicted
mode shapewere experimentally validatedMlode shapes are measured by mapping magnitude
and phase information from transfer function taken at each point (reflective déigure
2.31(d,h,l)), referenced to the accelerometer at the base, to its corresponding physical location in
space. The amplitude in arbitrary modal units is the magnitude of the transfer function, divided by
the maximum value of theansfer functions of all the considered points. The amplitude is then
multiplied by the sine of the phase angle to obtain the sign of the ampkigdee2.33 showsthe
experimentally measured mode shapes coetpagainst the predicted mode shapes from the
Finite Element Analysis.
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Figure 2.33 1 Experimentally measured mode shapes (a,c,e) compared against their predicted
shapes (b,d,f) for the (a,b) Zigzag, (c,th and (e,f) Elephant beam shapes.

Figure 2.34(a-c) show the experimental results for each of the three 2D beam shapes,
excited at their first bending frequency, and maximum power/load resistariokows from
Figure 2.34(a) that the Zigzag harvester is capable of producing2®8 acr oMg &t. 75
65.6Hz. Inspecting-igure2.34(b), the Flex harvester produced 32.2V a c Maijs a1t Hz6 2 . O
base excitation frequency. In both designs, the electromechanical coupling is quite small, as no
frequency shift was observable between the stiantiit (Y & 1 03  a n ircoitfYednl 0Y7)
frequencies. However, for the Elephant harvester,notsd a substantial shift between short
circuit and opertircuit frequencies, as well as, a largower output of 81.8 W ac rMas sat 1
68.125Hz, as shown iifrigure2.34(c). From these findings, the merits of the Elephant design, and

how it is beneficial towards efficient lofrequency piezoelectric enerpgprvestingare clear
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It should be noted that while the dimensions of the piezoelectric elements for all three
designs are identical, the Elephant has a shorter-&reldsegment, so piezoelectric element is
mounted slightly closer to the clamped boundasyompared to the other two designs, giving it
access to slightly higher stresses. This bias does not alter the superiority of the Elephant design.
Rather, the relative performance of the Zigzag and Flex designs may be marginally closer to that
of the Ekphant design, had the piezoelectric elements been bonded closer to the clamped
boundary.

—-—10%q =100 —-—1030 +10%Q

©10°a = 10°a10'0 ] . +10°Q +10°Q—~10" @
62 64 66 68 70 958 60 62 64 66 68
Frequency (Hz) Frequency (Hz)

66.61W 81.3uW

375k~ /1Mo

o
.
~
.

- Zigzag (65.60 Hz)
--Flex (62.0 Hz)
—¢-Elephant (OC)(68.125 Hz)
-¢-Elephant (SC)(67.75 Hz)

——10°0 *+10%Q

—10°0 =10 —=+10" @ ]

64 66 68 70 72 10° 10 10° 10° 10
Frequency (Hz) Load Resistance (Q2)

Figure 2.341 Experimental results faveraggower production as a functiaf frequency and
electrical load restance fofa) Zigzag(b) Flex, andc) Elephant configurationsvith (d) average
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power as a function of electrical | oad resistsas

All input vibrations were at Odlbase acceleration.

2.7.8 Modeling

In addiion to the numerical and experimental analyses, a stegeeeof-freedom model
is applied to all considered harvesters in order to gain additional understanding of the phenomena
involved in their performance. To this end, further testing was conduntddding determining
the damping ratio;, and shoHopencircuit frequencieg,  and respectively.

Damping ratios were found by imposing an initial displacement to the tip of eacholgeam
making a plucking motion at the beam tip with the broad side of a small flat ¢reaetisverand
recording the amplitude of vibration (via vibrometer) as it decayed, while the piezoelectric layer
was in shokcircuit configuration (tonull electromechanical effectsfhe damping ratios were
calculatedusing the method dibgarithmic decementby averaging calculations from several
different peaks in each decay, and then averaged across five redundanfiefdiley a range of
ratios that could be used in the model.

To find the difference in shodircuit versus opewircuit frequenciesthat could not be
readily observed when varying frequency manually, the harvesters were subjected to random base
excitation in bothshortcircuit (wire leads connected) and opsgrcuit (wire leads apart)
configurations, while monitoring beam tip vib@ts (via vibrometer). The transfer function
between base acceleration and tip vibration was then examined to find the disparity @irchiort
and opercircuit resonant peaks. Finding such subtle changes in peak frequency required
measuring for around BGseconds and employingddaverages, yielding a frequency resolution of
approximately 0.01:®.015Hz; where the resolution of a discrete transfer function is the number
of averages divided by the measurement period. With this fine frequency resol@ifvagtrency
shifts for all proposed harvestergere determined

For a digital transfer function, the frequency resolution isnilm@ber of averages taken
divided by the measurement periddhus, dividing 4 or 5 by approximately 300 seconds is where
the0.012-0.015Hz resolution comes from. The exact measurement period varied slightly between

harvesters due to the measurement being manually started, and stopped when it was observed the
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desired time was passed. 4 or 5 averages were used depending on tiygiaign#or each of the
experiments.

Values used in the model canfoeind inTable2.10, whered and0  are the mass of

the beam and mass of tip mass respectively (via A&B®EIscale)p is the capacitance of the

piezoelectric layer (via Fluke 179 Multimeteq, is the electromechanical coupling factor
(calculated), andbthebase excitation acceleration.

Table 2.107 Analytical model parameters.

_ Zigzag Flex Elephant
Parameter unit
My g 151 1.51 1.51
Miip g 1.88 1.88 1.88
G nF 31 3.1 31
6 0.00611 0.00365 0.00374
¥noc rads 2" (65. 6D0062. 8246(76¢ 8.
Frsc radls 2" (65. 5B8862. 7D766 7.
U e C/ m 20.0515 41.0868 114.8154
a m/s’ 0.981 0.981 0.981
z
Co M,

PZT | /

Figure 2.351 Representation of singl#egreeof-freedom model used in analygianodeling.

The governing equations of a singlegreeof-freedom piezoelectric vibration energy

harvester, shown iRigure2.35, are given by:
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where0 is the relative displacement of the beam, Witlbfd being the relative displacement of
the beamtip,and 0 0 AT Ooisthe base displacementis the base excitation frequency,
0 isthe amplitude of the base displacement,@nd0 ) is the base acceleration. is the
effective stiffness of the 2D beam shape (as if it were a linear spring) which is defined as:

b 10 h 2.4)
wherg is the natural frequency of the beam, and is the equivalent mass (as if all mass were

considered at the tip), defined as,

co,
—0
PT T
wherel is the mass of the beam, aind denotes the mass of the tip mass. Furthermore, the

0 O h (2.5)

effective damping is described by,
6 ¢ 0 h (2.6)
where—is the damping ratio. Furthermof¥, is the load resistance across the piezoelectric layer,

with @ 0 representing the generated voltage acif¥sswhile 6 is the capacitance of the

piezoelectric layer. Finallythe electromechanical coupling factor can be calculated using the

relation,

g 0 6 7 1 h 2.7

where| and] are, respectivelythe openand shorcircuit resonant frequencies. Next, a

state vector, is defined as,

® 0 Ohd
8 0 Ol h (2.8)
w w0

and the governingquations(2.2) and(2.3) are writtenin state space form as,
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Equation(2.9) can be analytically solved through a clogedn solution analysis or numerically.
The average power outpis then defined as,
W .
0 ~ h (2.10
wherew denotes the root mean square of the generated voltage.

It should be mentioned that the electromechanical couplindgiceet exhibited by the
Elephant harvester is larger than its counterparts. This results in a strong increase in the level of
the harvested power. Also noteworthy is the large observed damping ratio of the Zigzag design.
This in partis responsible for th lower observed power, and comes from the higher number of
segments distant from the fix end, causing more sign changes of the stress, obsEiyect in
2.31(b). ThezZigzag design has four segments away fronfieel end while the Flex and Elephant
have two, resulting in approximately twice as much damping

Figure 2.36 showsthe comparisons between the results of the analytical model and the
experimental measurements fihre three beam geometries whah=1CFq . Looking at
coefficient of determination, RRthere is an excellent fit for the Elephant geometry, a good fit for
the Flex geometry, and a poor fit for the Zigzag geometry. This is because the model is suited for
describing bending. The infence of torsional effects is not captured in the model, which is the
major cause of discrepancy between the model and measurement results. These results further
prove how the proposed Elephant 2D beam shape eliminates torsional effects, increasitegy harves

performance by giving an optimally pure bending motion.
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Figure 236 i Comparison of analytical singlegreeof-freedom bending model and
experimental results for the case ofM0 | oad resi stance.

Of additional note is the fact thabovein Figure 2.36, the black curves representing the
model are above the experimental results. If one were to argue tha¢kbdoeslnot attribute some
energy to a systenthen one would expect the model predicted power to be less than the
experimental results, which naturally include all influences. This would perhaps indicate that the
presence of torsion not only does not cimite to energy harvesting, but may also hinder it in
some way. While the effects of torsion on tdisnensional beams may be more confounding than
what is explained here, the fact remains that optimizing a harvester for bending yields dramatically
betterpower production.

2.7.9 Relative Nondimensional Harvester Performance Figure of Merit

To compare the harvesters proposed in this work to those in the literature, a methodology
of comparison is proposed. As the applications and design strategies of piezoelestgyg

harvesters are vast, it necessitates a dimensionless parameter comparison. Indeed, those modeling
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vibration energy harvesters frequently examine their designs with dimensionless parameters;
however, this strategy has escaped the comparison ofirgo¢al studies. With this impetuss,
present the Relative Nettimensional Harvester Performance Figure of Maritefined as,

N 3i30i° i Yi 8 (2.12)

where the uppecase letters indicate relative dimensionless parameters, with-aserletters
being weighting coefficients, where the sum of the weighting coefficients equals to unity. The
individual dimensionless Figures of Merit are defined as,

h vy |1 h vy s
A Q 1

Ca

1

b
3 ho Y 2.12)

c:

where"Y is the dimensionless powel, representshie dimensionless materidl denotes the
dimensionless bandidth, and"Y is the dimensionless volume Figure of Merit, respectively.

is the compliance of the piezoelectric materiapfid ,where® i s t he ddalushgsds M
the permittivity of the material, ar § , where0 is the relative dielectric constant gndis the
permittivity of free space (8.85x1®F/m).3 s the halfpower bandwidth of the average power
versus frequecy curve. Finallyp, @, and”Yare the length, width, and thickness of the harvester,
respectively (including all tip masses, materials, circuitry, etc.), as if the harvester was encased in
a cuboid. Each dimensionless parameter is made relativedamdlized to unity) by dividing the
calculated parameter value for each harvester by the maximum value of each parameter set
Additional dimensionless parameters may be suggested and weighting coefficients adjusted
according to individual application need~or example, if the harvester were to be placed on a
large machine vibrating at an unvarying frequency, the weighting coeffi¢gientandi could

be made small. It is also suggested that i , since the two are coupled. Compared to the cited
experimental works, it is noted, fFigure 2.37, that therelative performancefahe proposed
Elephant harvester is the highest one, where all parameters are given equal weighting, which shows

the effectiveness of the designed 2D concentrated stress structures.
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Figure 2.37 T Relative Non-dimensional Harvester Performance Figure of Merit with equal
weighting to all constituent nedimensional parameters, comparing proposed harvester designs

to several literature references.

2.7.10 Summary

In summaryit has beeshown how the current strategf using highly compliant 2D beam
shapes to harvest energy from low frequency vibrations creates performance reducing torsion. A
characteristic Zigzag shaped beam was created to compare against the two proposed 2D beam
shapes. The proposed 2D beam shapes er med as OFl exd and OEI eph
goals of realizing a concentrated stress structure, whereby stress in the beam is concentrated in a
small area where a piezoelectric layer may be placed, rather than distributed throughout the beam,
while also maintaining a low resonance frequency. Through analytical and finite element
modeling, and experimental measuremeantss been shown thtite Elephant harvester was able
to provide a significant increase in power production with only a minainange in resonance
frequency, compared to the Zigzag harvester. Moreover, the Elephant harvester has a large
effective beam tip whereby large tip mass may be placed while retaining@déile, resulting
in a low volume harvester, and subsequentlydgrower density. Finally, a strategy for comparing

piezoelectric energy harvesters using relative-giomensional parameters was introduced, where
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the performance of the Elephant harvester was observed to be higher than that of the considered

literature eferences.

2.8Mode Shape Combination of Elephant Beam Shape

Vibration energy harvesters are most often designed to operate at resonance, where the
resonant frequency of the energy harvester matches that of the dominant frequency of the vibration
source. Thisnatching of source and harvester mechanical impedances allows for the most efficient
transfer of power from the source to the harvegteailability of more power to the harvestéius
results inhigher transduction. The drawback of such designs isotlitatde the narrow resonant
frequency band, little mechanical power is transduced. Addressing vibration energy harvester
bandwidth and increasing power output have been the major focus areas of research. Several
review and research articles have addrefsedtrategies towards achieving higher power density
and broad bandwidgg7, 65, 81-84, 101-104

A promising area with respect to vibration energy harvester design that has received less
attention is the mode shapes of the considered dynamic systems. The vasy ofaj@ivester
designs employ some variation/modification of a sirdggreeof-freedom onalimensional
cantilever beam, and the mode shapes of such beams are well known. This is especially true for
the first bending mode, which is almost exclusively thesen vibration mode for harvesting.

Here, the ternd o4 € me n simpties ampldasis on a specifianension, typically the length,

along which the onlyariations in geomeyr materials, mass, etc. occ@nmedimensional designs

are not conducive towds modeshape optimization. Thus, tadimensional beam shapes (those

that curve, meander, spiral, etc. in a plane) have gained research interest as they offer the ability
to modify the vibration characteristics, in order to achieve the desired performance.

Wu et al.have proposed a twaegreeof-freedom design, by folding a two mass cantilever
back on itself, ther e[dd Thigdesan improges an thé continumust ¢ a |
cantilever with two masses by effectively altering the stiffness matrix, which was demonstrated
through a lumped pararnee model. This architecture allowed bringing two bending modes closer
to each other resulting in a broadband response. One promising design for enhancing the
performance of vibratiohhased energy harvesters, by using adimensional beam shape, was
recently proposed113 T hi s s h a plesedcircui symraetric meandering configti@ng
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oro EIl e p $hawed improved power generation (over an order of magnitude) compared to a

0Zigzagb shaped beam by

stress concentration in the piezoelectric section.

2.8.1 Theorized Combined Mode Shape

engineering the beam

In the priorsection the Elephant beam shape was examined only in its first bending mode.

With further examination, it was found that the second bending mode of the Elephant configuration

possesses an intriguing mode shape relative torstdbénding mode. For the harvesieometry

shown inFigure2.38(a), the first and second bending modes are renderedume 2.38(b) and

(c), respectively. Inspection tiese mode shapes indicates that they are nearly opposite of each

other. Inthe first bending mode, the section of greatest deflection is furthest from the clamped

section in the ydirection, while small deflection is observed in the sections closds amped

section in the adirection. In contrast, the highest deflection in the second bending mode is

observed in the sections closest to the clamped section irdihection, and very little deflection

is observed in the section furthest from thengad section in the-glirection.

Positive Deflection

0
I

(©)
€

El
EE
Negative Deflection

Figure 238 - ( a) Di mensi oned

s ¢ h edmartsional vilrdtion @rieldgye p h a n t

harvester, (b) Stbending mode of Elephant, (c¢)*»ending mode of Elephant, and etoposed

combined mode shape.

88



The fact that the first two mode shapes do not share areas of common deflection, at least
to a significant degree, implies that they are nearly orthogonal to each other. It follows then, that
the modal frequencies of eachape could be adjusted independently, namely through mass
loading structural modificationlhis theory was inspired bybservation oFigure2.29, were it
can be seethatwh en o0t i p mass 6 wafsequandyddecdeasest Howevef, the st n
second modal frequency remained nearly unchanged. is an unusual observation, because
typically the addition of mass to a simple vibrating system lower all modal frequencies.

Modifying the beam structure through mésading has the effect of lowering the natural
frequency associated with each mode] as Qf& , where'Q and & are the equivalent
stiffness and mass associated with each mode, resulting in modal frequelmcy singé-degree
off reedom system, this mass | oading takes the
tune the harvester dynamics to that of the source dynamics for the most efficient power. transfer
As a secondary effect, power output is also in@éass kinetic energy is increased due to the
presencef more moving mass in the system.

It is then hypothesized, that there must exist a modified structure, whereby mass is added
at the points of highest deflection of each mode (to have the greatesy, effealting (by virtue
of near orthogonality) in the shifting of second bending modal frequency near enough to that of
the first bending modal frequency to create the combined siual®e depicted iRigure2.38(d).
Combining these opposite modes would result in the entire bimating in phase. This mode
shape is desirable for energy harvesting because the entire mass of the structure is in motion and
moves in phase, thereby increasing kinetic energy, and swdgggstress in the piezoelectric
layer. Based upon this hypothesis, it is proposed that this combined mode shape would yield higher
power output.

The simulations ifrigure2.38(b) and (c) were generated using kedal Analysis tool in
the Stress Analysis environment of Autodesk Inventor 2Bifure 2.38(d) was generated using
the Static Analysis tool in the Stress Analysis environment of Autodesk In\&ét6r Therefore
this O0combinedd mode shape was not reveal ed v
forces throughout the beam and distributed load to yield the mode shape hypothesized in this study,

asshown inFigure2.39.
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Figure 2.391 Creationof Figure2.38(d) by prescribing point and distributed loads in the Static
Analysis tool in the Stress Analysis environment of Autkdasentor 2016

Further information about the FEA simulationgprsvided inFigure2.40. Here, it is also
predicted from the modal analysis the presence of a torsion mode, shdviguia 2.40(d),
occurring between the first and second bending modes. This mode is not useful for energy

harvesting, but influences the other modes, as is discussed later.
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Figure 2.407 Additional information @ FEA simulations. (a), (b), and (d) are predicted modes

using Modal Analysis, while (c) is prescribexsFigure2.39 shows,using Static Analysis, both

in the Stress Analysis environment of Auts#t Inventor 2016.

2.8.2 Effect of Mass Loading on Modal Frequencies

To observe the conditions where this mode combination could occur, masses were added

to the points on the beam corresponding to the highest deflection in the first and second bending

modes, lb el e Maas

transfer functions generated from each configuration were observed to find the modal frequencies

plotted inFigure2.41.
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Figure 2.4171 1'and 29 bending modal frequencies as functions of mass loading on the areas of

highest deflection for each respective mode shape, with inset showing ntassesialocation(s).

FromFigure2.41, it can be seen how the two modes are largely independent of one another.

By keeping mass constant at one location and increasing mass at the other location, the mode

associaté with the mass being kept constant does not significantly change modal frequency. It is

at the same time observed, the expected inversely proportional decay in modal frequency of the

mode upon which mass is being increased. The exception to this olmseiv#te case when there

i s no added mass on

6Mode 16 (the

fi

r st

bendi

bending mode). Here, the curves are drawn near to each other, as if they would cross, but then

diverge. Indeed, the curves cannot srfis. the second bending mode becomes the first) for this

system, due to the presence of an-eagbnance between these two modes. As the curves diverge,

it can be said that sufficient mass has been added, such that a new system is created. Because the

curves ofFigure2.41 are nearest when there is no mass at the area of highest deflection of the first

bending mode while mass is added to the area of highest deflection of the second bending mode,

in all subsequenexperiments, mass will only be added to the area of highest deflection of the

second bending mode.
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To further clarify the experiments associatgth Figure2.41; the planes depicted are the
peaks of transfer fumtions generated while sequentially adding mass to the specified locations.
Transfer functions are the crossed power spectral density from the base acceleration signal to the
voltage output of the piezoelectric layer, while subjected to white noise excitédr
approximately 100 seconds and sampling at 2000MHss placements are depictedFigure

2.42, with subsequent transfer functiogisen inFigure2.43.
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Figure 2.421 Mass placement for thexperiment irFigure2.41.
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